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Abstract
Precise mass values of nuclei are very important for the understanding of basic
property of nuclides. Especially, nuclear masses in the neutron-rich area are essen-
tial in determination of the r-process path. However, these nuclei with their very
short half-lives (on the order of milliseconds) are extremely di±cult to produce in
the laboratory and even more di±cult to study. Recently, some of these r-process
nuclei were produced at the RIKEN RI Beam Factory (RIBF) with relatively low
yield.
We constructed new storage ring based on the isochronous mass spectroscopy
technique, named the \Rare-RI Ring", in order to measure the mass of these rare
nuclei with high-precision. The goal is to perform for mass measurement with a
relative mass precision on the order of 10¡6 even for a single event. Furthermore,
it is to perform the mass measurement within a measurement time span of one ms.
To measure the mass with relative precision of 10¡6 order, isochronism of the ring
must be achieved on the order of 10¡6. To provide precise isochronism over a wide
range of momentums, the design of the ring was based on cyclotron design. In the
case of our ring, it consists of six sectors and six straight lines and has a hexagonal
shape. Each sector consists of four rectangular bending magnets. In addition, in
order to make an isochronous ¯eld, the two outer bending magnets of each sector
were equipped with ten one-turn trim coils. There are two ways of achieving a
¯rst-order isochronous ¯eld. One is the installation of an edge angle (") in the
magnet of sector; the other is the installation of an n-value in the magnets of a
sector instead of the edge angle. The ¯rst-order isochronous condition is satis¯ed
by creating a magnetic ¯eld, which has the n-value. The radial gradient value (n-
value) was calculated using MAD and COSY INFINITY program with the actual
geometry for one sector.
In order to perform the mass measurement of unstable nuclei, all devices must
work exactly. Usually, the device check is performed using an accelerated beam.
However, cost of experiments using accelerated beam are very large and time con-
straint is very severely. Therefore, performing a device check by using accelerated
beam is very di±cult. To overcome these problems (the cost and time), I sug-
gested a new test method using an ®-source (241Am). The cost of ®-source is very
small and we can use the ®-source any time. By using the ®-source, we checked
all devices and veri¯ed injection and extraction of a single particle. Further, the
isochronism of the ring using ®-source was measured by evaluating the width of
time-of-°ight spectrum while changing the n-value of magnetic ¯eld using trim
coils.
In the experiments using an ®-source, the individual injection method was
performed, for the ¯rst time in the world. The isochronism 3:1£10¡4 was obtained
for one turn measurement. Also, an isochronism of 8:8£10¡5 was achieved for three
turns measurement. These results were in very good agreement with simulations.
From these experiments, it was found that the ring is running as designed and
that experiments using accelerated beam is also possible.
Therefore, to verify whether a tuning method obtained from the o®-line exper-
iments is applicable to heavy-ion beam experiments, the on-line experiment was
performed, which was used 345 MeV/u 78Kr beam. In this experiment, to per-
form an individual injection using self trigger signal from F3, the energy of 78Kr
beam was degraded to 168 MeV/u by using Al plate-type degrader. By performing
adjustment same as the o®-line experiments, the injection, accumulation and ex-
traction of heavy-ion beam were succeeded. From these results, it was found that
the tuning method can be directly applied to the heavy-ion beam experiments.
Furthermore, as a result of adjusting the isochronous ¯eld by trim coils, isochro-
nism of the ring was achieved to 7:3£ 10¡6 in the range of momentum acceptance
§0:3%.
In near future, the mass measurement using the Rare-RI Ring will be started
and it will be approached greatly to the understanding of the r-process.
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Chapter 1
Introduction
1.1 Background
Any material of our world consists of atoms. Each atom consists of a nucleus
surrounded by electrons, and the nucleus is constituted of protons and neutrons.
The nucleus can be de¯ned by its number of protons (Z) and neutrons (N) or its
mass number (A = Z + N). Each nucleus has several isotopes; some are "stable
nuclei", which exist in nature, other are "unstable nuclei" (radio isotopes) with
¯nite life times which decay to stable nuclei. Figure 1.1 is the nuclear chart with
the vertical and horizontal axes indicating the Z and the N numbers, respectively.
In Fig. 1.1, each square correspond to one kind the nucleus. The black squares are
stable nuclei, there are around 300, while other colors represent unstable nuclei.
Today, the number of unstable nuclei discovered experimentally is about 3000.
Theoretical prediction indicates that about 7,000 unstable nuclei might exist. The
mission of the existing and future nuclear physics facilities is to discover the rest
of the unstable nuclei and more importantly, to study them.
τ1/2     > 1 Gy
1 year < τ1/2     < 1 Gy
1 day < τ1/2     < 1 year
1 hour < τ1/2     < 1 day
2 mins < τ1/2     < 1 hour
3 s < τ1/2     < 2 mins
0.1 s < τ1/2     < 3 s
τ1/2     < 0.1 s
N
Z
8
8
2
2
20
20
28
28
50
50
82
82
126
Figure 1.1: The nuclear chart
1
1.2 Nuclear mass
A mass is one of the important quantities of nuclear physics. The atomic mass is
expressed as Eq. (1.1) with a binding energy B,
M(A;Z) = NMn + ZMH ¡B; (1.1)
where N is the number of neutron, Z is the number of proton, Mn is the mass of
neutron, and MH is the mass of hydrogen atom. The liquid drop model describes
properties of nuclei macroscopically, in terms of volume, surface, Coulomb, sym-
metry energies and more. Furthermore, the liquid drop WeizsÄacker formula for the
nuclear binding energy is given by [1],
BTheory(A;Z) = avA+ asfA
2=3 +
3e2
5r0
Z2A¡1=3 + (asymA§ assA2=3)I2 (1.2)
av = ¡15:56 MeV; asf = 17:63 MeV;
asym = 27:72 MeV; ass = ¡25:60 MeV; r0 = 1:233fm;
where, I = (N ¡ Z)=A. The coe±cients av, asf, asym and ass are associated with
the volume term, correction for surface tension, symmetry and surface-symmetry
term, respectively.
Figure 1.2 shows the mass di®erence between experimental values taken from
AME2003 [2] and theoretical predictions of Eq. (1.2) for all known nuclides. It was
found that strong deviations between theory and experiments were caused at cer-
tain proton-neutron combinations. These combinations were called \magic numbers",
which can be described by the shell model. However, in the neutron-rich region,
the traditional magic numbers disappear (e.g. N = 20) and new ones appear (e.g.
N = 16) [3, 4]. These e®ects can be seen in separation energy and binding energy,
which can be estimated from mass. Therefore, high-precision mass measurement
is essential to reveal the existence of a new magic numbers.
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Figure 1.2: Deviation between calculated nuclear binding energies and experimen-
tal values as a function of neutron number [5]
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1.3 Nucleosynthesis
Nuclear astrophysics needs a description of various kinds of stellar nucleosynthesis,
based on masses, half-lives, and cross-section values of unstable nuclei. Some of
the most important scenarios of matter creation in stars are
1. slow neutron capture process (s-process), which is the creation of nuclei close
to the valley of ¯-stability,
2. rapid neutron capture process (r-process), which is considered to be the origin
of about half of elements heavier than iron up to uranium,
3. rapid proton capture process (rp-process), responsible for the creation of nuclei
close to the proton drip line.
All processes are shown in Fig. 1.3. It is true that the s-process is better under-
stood than the r-process but still a lot of cross section data that are important for
astrophysical calculation are still missing. Di®erent experimental techniques have
been used to determine nuclear masses and some of the nuclear masses relevant for
the rp-process have been reached recently [6]. However, the path of the r-process
nucleosynthesis remains a mystery [7]. In the r-process, three reactions are hap-
pened; neutron capture, photodisintegration and beta decay. Thus, to clarify the
r-process, it is necessary to understand (n-°)-(°-n) equilibrium and life time of
beta decays (¿¯). The (n-°)-(°-n) equilibrium can be given by
¸°n ¼ T
3=2
Nn
e
Qn
kT ¸n° (1.3)
where, ¸°n, ¸n°, Nn, Qn, k and T are rate of neutron capture, photodisintegra-
tion, neutron density, Q-value, Boltzmann constant and temperature, respectively.
Among these parameters, Nn and T are astrophysics parameters, Qn is nuclear
physics parameter. Since Qn can be estimated from nuclear mass, it can reveal
the equilibrium under certain environment. In the same way, ¿¯ can be estimated
from nuclear mass. Therefore, to determine the path, we have to measure the
masses of nuclei pertinent to the r-process. However it is very di±cult task since
the relevant nuclei have very low production rates and very short life time. There-
fore, we have to establish a method that is highly sensitive to overcome the low
production rates issue and very fast measurements to overcome the issue of the
short life times. Also, a required precision of the measurement can be estimated
from the di®erence in the theoretical model. Many more nuclear models have been
developed to predict properties of nuclei that have not been investigated or are
not accessible nuclides. Figure 1.4 shows a predictive power of some of these mass
models. It is obvious that the models agree very well within the region of known
masses, i.e. where experimental data exist, but di®er by several MeV in the regions
where the masses are unknown. In order to clarify the di®erences between these
mass models are required mass determination with 100 keV order precision. This
means that it is necessary precision of 10¡6 for the nuclei around A ¼ 100.
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1.4 Mass measurement conducted by a storage
ring
In this section, I introduce the status of nuclear mass measurement today. The
world-wide facilities with mass measurement devices are summarized in Tab. 1.1.
Various experimental methods for precise mass measurement have been estab-
lished. An ion-trapping-based method using a slow RI beam [5] achieves excellent
mass resolutions of better than 10¡7. Although this high resolution is attractive, a
long observation time of 1 s prevents one from applying this technique to the mass
measurement of short-lived r-process nuclei. Schottky mass spectrometry (SMS)
conducted in a storage ring is also an elegant method that can achieve mass reso-
lutions of 10¡6, as demonstrated at ESR/GSI [8]. But measurement times in these
methods exceed 10 s, making them unsuited to rare-RIs. Another candidate for
fast mass measurement is isochronous mass spectrometry (IMS) conducted in a
storage ring; measurements for nuclei with lifetimes of 50 ms were demonstrated
at ESR/GSI using this method [9]. However, the mass resolution achieved in IMS
has so far been on the order of 10¡5.
Table 1.1: Present and future ion storage and trapping devices for mass spec-
trometry (GC = gas cell, RFQ = gas-¯lled segmented radiofrequency quadrupole
(Paul) trap, EBIS = electron beam ion source, EBIT=Electron beam ion trap, PT
= Penning trap, SR = storage ring).
Name Facility Method of measurement
CPT ANL/Chicago GC/RFQ/PT
ESR-SMS-IMS GSI/Darmstadt SR
Harvard-TRAP CERN-Boston/USA PT
HITRAP GSI/Darmstadt PT
ILIMA GSI-FAIR/Darmstadt SR
ISOLTRAP ISOLDE/CERN RFQ/PT
JYFLTRAP JyvÄaskylÄa RFQ/PT
CSRe IMP/Lanzhou SR
LEBIT MSU/East Lansing GC/RFQ/PT
Mainz-TRAP Mainz PT
MIT-TRAP Cambridge-Tallahassee PT
MAFF-TRAP Munich GC/RFQ/EBIS/PT
MATS GSI-FAIR/Darmstadt GC/RFQ/EBIT/PT
MR-TOF RIKEN/Tokyo GC/RFQ/PT
Rare-RI Ring RIKEN/Tokyo SR
SHIPTRAP GSI/Darmstadt GC/RFQ/PT
SMILETRAP MSL/Stockholm EBIT/PT
MLLTRAP GANIL/Caen RFQ/PT
TITAN TRIUMF/Vancouver RFQ/EBIT/PT
UW-PTMS Seattle PT
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A storage ring can be used as a high-resolution mass analyzer, and the masses
are determined from the accurate measurement of their revolution frequencies.
The relation between revolution frequency, mass-to-charge ratio m=q and velocity
v of di®erent circulating ions is given by
¢f
f
= ¡ 1
°2t
¢(m=q)
m=q
+
¢v
v
µ
1¡ °
2
°2t
¶
: (1.4)
The quantity ° is the Lorentz factor of the ions and °t is a transition gamma,
which characterizes the transition point of the storage ring. For an unambiguous
relation between frequency and mass, the second term (velocity dependent) on the
right-hand side of Eq. (1.4) must be cancelled and two complementary methods
can be applied, as shown in Fig. 1.5 for the experimental storage ring at GSI [10].
1.4.1 Schottky Mass Spectrometry (SMS) method
One method to cancel the velocity dependent term is Schottky Mass Spectrometry
(SMS) method. Schematic view is shown in the left side of Fig. 1.5. Some particles
which have di®erent mass-to-charge ratiom=q are injected from FRS. If the velocity
dispersion of particles was large, the revolution frequency dispersion is also large.
In SMS, an electron cooler is used , in order to reduce the velocity dispersion to
¢v=v ¼ 5£ 10¡7. In this way, second term of Eq. (1.4) is reduced, [5, 11, 12].
¢v
v
= 0: (1.5)
Therefore, µ
1¡ °
2
°2t
¶
dv
v
= 0: (1.6)
According to Eq. (1.6), mass of a nucleus is determined from its revolution fre-
quency. The SMS method can measure mass of multi-particle. The mass precision
achieved is ¢m=m ¼ 1:5 £ 10¡7 [11]. However, long time (several seconds) is
necessary for cooling, which limits measurable nuclei to long-lived nuclei (1 s and
more) and make this method unsuited for r-process nuclei mass measurement.
1.4.2 Isochronous Mass Spectrometry (IMS) method
Another method to cancel the velocity dependent term is Isochronous Mass Spec-
trometry (IMS) method. Schematic view is shown in the right side of Fig. 1.5.
In IMS, isochronous condition is satis¯ed for particles in the ESR. It means that
the revolution frequency is constant for particles with the same m=q and di®erent
velocities. In this way, the second term of Eq. (1.4) is reduced [13, 14],
°t = °: (1.7)
Therefore, µ
1¡ °
2
°2t
¶
dv
v
= 0: (1.8)
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Figure 1.5: Schematic view of the principle of mass measurement in the experi-
mental storage ring at GSI [5]
In IMS, particle cooling is not necessary and measurement time is very short.
Thus, it is possible that measuring the mass of short life nuclei [9].
As described above, the accurate mass measurement using storage ring was
performed at ESR of GSI in Germany and CSRe of IMP in China. ESR is in op-
eration since 1990. Its circumference is 108 m and its maximum magnetic rigidity
is 10 Tm. It consists of two arcs separated by two long straight sections. One of
these sections is an electron cooler for SMS, the other is detector for time-of-¯ght
measurements in IMS mode. A stochastic cooling system, RF cavities for decelera-
tion and acceleration, and a magnetic kicker for injection and extraction are placed
in the arcs. As shown in Fig. 1.5, ESR is operated in two methods, SMS and IMS.
First isochronous mass measurement at ESR was performed in 2000 [13]. In recent
years, following experiments were being carried out at ESR: mass measurement
using SMS method [11], electron capture decay [15, 16] and GSI oscillation [17],
and so on. Figure 1.6 shows schematic layout of SIS-FRS-ESR facility.
First mass measurement of short-lived nuclides at CSRe was performed in 2009
[18]. This ring has a circumference of 128 m, and a maximum magnetic rigidity
of 8.4 Tm. Mass measurement of proton-rich side of the nucleus has been carried
out in the CSRe [19]. In case of CSRe, only mass measurement using IMS method
was performed. Figure 1.7 shows schematic layout of CSRm and CSRe.
Already it has been performed mass measurements in these facilities. However,
it does not carried out the mass measurements of the nuclei relating to r-process.
Since the intensity of the accelerated beam is not su±cient, such nuclei cannot be
produced. However, new isotopes along predicted the r-process path have been
successfully produced at RIBF recently [22] with relatively low yield. These nuclei
have very short half-lives on the order of milliseconds. Thus, an accurate mass
measurement was impossible in the conventional apparatuses. To measure the
7
mass of these nuclei with high-precision, new storage ring for heavy-ion, named
\Rare-RI Ring" was constructed at RIBF in Japan. Details of Rare-RI Ring will
be explained in next chapter.
Figure 1.6: Schematic layout of the SIS-FRS-ESR facility at GSI [20]
Figure 1.7: Schematic layout of the high-energy part of the Cooler Storage Ring
at the Heavy Ion Research Facility in Lanzhou (HIRFL-CSR) [21]
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Chapter 2
Rare-RI Ring
2.1 Rare-RI Ring project
In order to further develop and expand research programs aimed to explore the
nuclear chart, far from stability, a latest generation RI beam facility called RI
Beam Factory (RIBF) was constructed in 2006. Figure 2.1 shows a bird's eye view
of RIBF. Since 2007, RIBF has been successfully operated establishing programs
such as in-beam °-ray spectroscopy, ¯-decay spectroscopy, and reaction studies.
One of the special motivations for the construction of RIBF was the study of
the astrophysical r-process. In 2013, I constructed a new storage ring for high
precision mass spectroscopy of rare-RI, named \Rare-RI Ring". Figure 2.2 shows
a photograph of the Rare-RI Ring.
SCRIT
Rare-RI Ring
SHARAQ
BigRIPS
SRC
IRC
fRC
RRC
ECR
GARIS
RIPS
RILAC
SAMURAI
ZeroDegree
AVF
RILAC2
Figure 2.1: Bird's eye view of the RIBF at RIKEN Nishina Center
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Already described above, the aim of this ring is high-precision mass measure-
ment of extremely short-lived and rarely produced unstable nuclei (rare-RIs). The
target performance for mass determination is relative mass precision of the order
of 10¡6, when mass is measured for a single ion. To reduce measurement time to
less than 1 ms, isochronous mass spectrometry is used. To achieve the target preci-
sion and accuracy, this ring structure is based on cyclotron motion . Furthermore,
to measure rare isotopes produced at extremely low rate (e.g., one per day), an
individual injection scheme [23] was adopted in which the rare-RI triggers for the
injection kicker magnets. Thus, this ring allows the mass measurement of unstable
nuclei related to the r-process. These mass measurements would be approached
greatly to the understanding of the r-process.
Figure 2.2: Photograph of the Rare-RI Ring
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2.2 Principle of mass measurement
In this section, I present the principle of isochronous mass spectrometry at the
Rare-RI Ring. The ring has six magnetic sectors and six straight lines. However,
in order to understand the principle easily we consider a simple case that is a
magnetic ¯eld of the ring (B) is uniform.
The revolution time (T ) in the ring is given by
T = 2¼
m
q
1
B
: (2.1)
The revolution time (T0) of a particle with isochronous optics (B = B0°) is given
by
T0 = 2¼
m0°
q
1
B0°
= 2¼
m0
q
1
B0
; (2.2)
where q, m0, ° = 1=
p
1¡ ¯2 and ¯ = v=c are the particle's charge, mass, the
relativistic factor and the particle speed relative to the speed of light c, respectively.
The relative uncertainty of the mass-to-charge ratio m0=q is given by
±(m0=q)
m0=q
=
±T0
T0
+
±B0
B0
: (2.3)
The ±T0 is dependent on a performance of detector and an isochronism of the ring.
If we measure T0 and B0 with a precision of order 10
¡6, we can determine the mass
with a precision of order 10¡6. However, it is di±cult to maintain and measure
accurately the magnetic ¯eld. Therefore, we measure the mass of the rare-RI
m1=q1 relatively to a reference nucleus whose mass m0=q0 is precisely known.
When the particle of interest with a mass-to-charge ratio ofm1=q1 has the same
momentum as that of a reference particle with a mass-to-charge ratio of m0=q0,
the °ight path length of these particles become identical in the isochronous storage
ring. Consequently, the following equations hold for these particles,
m0
q0
°0¯0 =
m1
q1
°1¯1; (2.4)
¯0T0 = ¯1T1: (2.5)
From these relations, the unknown m1=q1 is expressed as
m1
q1
=
m0
q0
T1
T0
°0
°1
=
m0
q0
T1
T0
s
1¡ ¯12
1¡ (T1
T0
¯1)2
: (2.6)
The relative uncertainty of (m1=q1) is given by
±(m1=q1)
m1=q1
=
±(m0=q0)
m0=q0
+ °20
±(T1=T0)
T1=T0
+ k
±¯1
¯1
; (2.7)
where,
k = ¡ ¯
2
1
1¡ ¯21
+
µ
T1
T0
¶2
¯21
1¡ (T1=T0)2¯21
: (2.8)
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The uncertainty of the mass-to-charge ratio, m1=q1, consists of three terms:
the ¯rst term of Eq. (2.7) is the uncertainty of the reference mass, and should
be on the order of 10¡6 or less. The second term is the uncertainty coming from
an imperfection of the isochronism and the time resolution of the time-of-°ight
(TOF) detector. Even when the isochronism is perfectly tuned to the reference
nucleus, isochronism for rare-RIs will be slightly broken. Therefore, the velocity
measurement to compensate for variation in the third term in Eq. (2.7) is essential.
The value of k is on the order of 10¡2 even if m=q di®ers from the reference nucleus
by 1%. The third term is on the order of 10¡6 as long as ¯1 is measured with an
uncertainty of 10¡4. Therefore, in order to perform the mass measurement with
10¡6 relative precision, isochronism of the ring must be achieved 10¡6 for reference
nucleus.
2.3 Layout of the ring
The Rare-RI Ring was constructed in the third °oor underground (B3F) of RIBF
downstream of the SHARAQ spectrometer [24]. Figure 2.3 shows a schematic view
of the Rare-RI Ring structure. The ring was designed under the assumption that
incoming beams have energy of 200 MeV/u and a charge-to-mass ratio m=q of less
than 3. The ring has three main sections, which are: injection line, storage ring
and ejection area. The injection line consists of ten quadrupole magnets and one
bending magnet. Detector for measurement of TOF can be installed at the end of
the injection line. The ejection area includes detectors for particle identi¯cation.
The storage ring consists of six sectors and six straight lines and has hexagonal
shape. Each sector consists of four rectangular bending magnets. In addition, in
order to ¯ne tune the isochronous ¯eld the two outer bending magnets of each
sector include ten one-turn trim coils. The circumference of the ring is 60.3 m,
which corresponds to a revolution time of 355 ns for rare-RI beams of 200 MeV/u.
The rare-RIs, after identi¯cation in BigRIPS, are transported to the ring, the high-
resolution beamline [25], the SHARAQ spectrometer, and the newly constructed
injection beam-line. Two septum magnets, one with bending angle of 12.7 degrees
and one with 5.3 degrees were installed at injection and ejection area, respectively.
The injection orbit at the exit of the septum magnets is o®-centered by 90 mm
and parallel to an accumulation orbit. The rare-RI is kicked with angle of about
11 mrad into the accumulation orbit. After about 2000 turns, the rare-RI is kicked
out through the extraction septum magnets. The basic parameters of the Rare-RI
Ring were summarized in Tab. 2.1.
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Figure 2.3: Schematic view of the Rare-RI Ring
Table 2.1: Basic parameters of the Rare-RI Ring
Beam Energy 200 A MeV
Lorentz factor 1.2147
Circumference 60.3507 m
Momentum acceptance § 0.3 %
Revolution frequency 2.82 MHz
Revolution time 355 ns
Betatron tune ºx = 1:25 , ºy = 0:84
Dispersion 66.9 mm/%
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2.4 Isochronous ¯eld for the ring
At ¯rst, I will describe an ideal isochronous ¯eld. The isochronous ¯eld in the
cyclotron is expressed as
B(r) = B0° =
B0p
1¡ (¯0r=r0)2
; (2.9)
where, B0, ¯0 and r0 are a magnetic ¯eld of central orbit, a velocity of particle and
a radii of central orbit, respectively. We performed Taylor expansion to Eq. (2.9)
in the r-direction and obtained the following equation
B(r) ¼ B0p
1¡ ¯20
µ
¯20
1¡ ¯20
¶Ã
1 +
µ
r ¡ r0
r0
¶
+
1
2
µ
1 +
3¯20
1¡ ¯20
¶µ
r ¡ r0
r0
¶2!
:
(2.10)
In this study, I focused on the adjustment of the ¯rst-order isochronous ¯eld,
which is the simplest case. The principle for making the ¯rst-order isochronous
¯eld for the ring is following. Each dipole magnet causes 15 degrees bending with
a bending radius of 4.045 m. Each sector has a straight section of 4.02 m. There
are two ways of achieving the ¯rst-order isochronous ¯eld. One is the installation
of an edge angle (") in the magnet of sector (see in Fig. 2.4 (a)); the other is
the installation of an n-value in the magnets of a sector instead of the edge angle
(see in Fig. 2.4 (b)). If n = 0 the magnetic ¯eld is homogeneous, to achieve the
¯rst-order isochronous ¯eld, " can be given by
tan " =
(RÁ+ S)¡RÁ°2
(RÁ+ S)¡RÁ°2 + 2R°2 tanÁ=2 tanÁ=2; (2.11)
where, R, S and Á are the radius of the central orbit in the magnetic sector, the
length of straight section along the central orbit, and the bending angle, respec-
tively [26]. For the case " = 0, to achieve the ¯rst-order isochronous ¯eld, the
n-value has to ful¯ll the isochronous condition given by [27]
n = 1¡ °2 RÁ
S +RÁ
; (2.12)
where, a radial gradient value of the magnetic ¯eld can be obtained with the
following equation
@B
@r
1
B0
= ¡ n
R
: (2.13)
Unfortunately, it is di±cult to calculate the radial gradient value analytically be-
cause each sector consists of four dipole magnets which have ¯xed edge angle 7.5
degrees. Thus, I have calculated the radial gradient value (n-value) using MAD
[28] and COSY INFINITY [29] program with the actual geometry for one sector.
The ¯rst-order isochronous condition is satis¯ed by creating the magnetic ¯eld,
which has the n-value.
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Figure 2.4: How to make an isochronous condition for ¯rst-order. Shape of edge
angle and radial magnetic ¯eld distribution are illustrated. (a) Installation of an
edge angle ". (b) Installation of n-value instead of the edge angle.
2.5 Making magnetic ¯eld of ¯rst-order isochronous
condition
2.5.1 Dipole magnets
The dipole magnets in Rare-RI Ring were part of the heavy-ion storage ring,
TARN-II, at the Institute of Nuclear Study, University of Tokyo [30]. Figure 2.5
shows a photograph of a dipole magnet. The maximum magnetic ¯eld value is
1.6 T and bending angle is 15 degrees. The magnet gap height is 80 mm, while
the horizontal good ¯eld region amounts to 120 mm. This magnet has rectangular
shape and both the entrance and exit edges are tilted by 7.5 degrees toward the
horizontally defocusing direction. Since this magnet has a laminated yoke, the
response to °uctuation of power supply is very fast. Therefore, it is necessary that
the power supply system has high stability. The main parameters are summarized
in Tab. 2.2.
Table 2.2: Main parameters of dipole magnet
Type laminated
Bending angle 15 degrees
Bending radius 4.045 m
Useful aperture 80 mm£440 mm
Maximum ¯eld in gap 1.7 T
Coil current (max.) 3000 A
Number of coil turns 40
15
Figure 2.5: Photograph of bending magnets
Magnetic ¯eld of this magnet was measured and compared with TOSCA cal-
culation [31]. Figure 2.6(a) shows the magnetic ¯eld as a function of the radial
position and Fig. 2.6 (b) as a function of the longitudinal one. Figure 2.7 shows
the correlation between the coil current and magnetic ¯eld in the center of the
magnet's gap.
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Figure 2.6: Distribution of magnetic ¯eld of bending magnet for (a) radial axis,
(b) longitudinal axis
For ideal isochronous magnetic ¯eld generation, it is necessary to model mag-
nets using calculations. For this purpose I used the TOSCA program, which was
validated comparing the calculated magnetic ¯eld at center of gap with the mea-
sured values (see Fig. 2.7). The calculated value is in very good agreement with
measurement value. Thus, our model calculations were found to be correct.
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Figure 2.7: Comparison of measurement value with TOSCA calculation of mag-
netic ¯eld
2.5.2 Trim coils
In order to make the isochronous ¯eld, I installed ten trim coils in the two outer
dipoles of each magnetic sector. Figure 2.8 is a photograph of the dipole magnet
with trim coils. Every trim coil is a one-turn coil made of a 6 mm£6 mm£3Á hollow
conductor. Maximum current is 300 A and the i-th trim coil of each magnet is
connected to the same power supply. The center of the trim coils was set at +11.5
mm from center of magnet. Figure 2.9 shows a schematic view of the trim coils
position.
Figure 2.8: Photograph of bending magnet with trim coils (bottom side)
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Figure 2.9: Schematic view of trim coils position
To make the ideal isochronous magnetic ¯eld, it is necessary to know the mag-
netic ¯eld distribution by each coil. I calculated each magnetic ¯eld distribution
using TOSCA program. Figure 2.10 (a) shows the magnetic ¯eld distribution of
main coil and Fig. 2.10 (b) shows the e®ective magnetic ¯eld of each trim coil at
100 A.
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Figure 2.10: (a) Magnetic ¯eld of dipole magnet at 120 A. (b) E®ective magnetic
¯eld using trim coils at 100 A.
Based on these calculation results, the currents of the coil were determined
for generating a magnetic ¯eld having the n-value. Procedures of calculation are
described below.
1. Calculate the magnetic ¯eld of the dipole magnet without trim coil (calculate
a B0 for a a0, where a0 and B0 means the current of main coil and the magnetic
¯eld, respectively.)
2. Calculate an e®ective magnetic ¯eld of each trim coil (calculate each Bi for
each ai, where ai and Bi means the current of the i-th trim coil and the e®ective
magnetic ¯eld by the i-th trim coil, respectively.)
3. The currents of the each trim coil were determined by the least squares method
as f in Eq. (2.15) is minimized and magnetic ¯eld for isochronous was obtained
by summing these results.
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Be® = a0B0 +
10X
i=1
aiBi (2.14)
f = (Bideal ¡Be®)2; (2.15)
where Bideal means the ideal magnetic ¯eld for isochronous ¯eld, which can be
calculated using optimum n-value obtained from MAD. Figure 2.11 shows the
magnetic ¯eld of dipole magnets with and without e®ect of trim coils. In this way
the magnetic ¯eld which is satis¯ed ¯rst-order isochronous was formed.
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Chapter 3
Performance evaluation of the
Rare-RI Ring using ®-source
As mentioned above, an isochronous ¯eld in the Rare-RI Ring is very impor-
tant factor in mass measurement. As described in previous section, since the
isochronous ¯eld is formed on the basis of the calculations, it must be veri¯ed ex-
perimentally whether it is properly formed. Usually, the veri¯cation of isochronous
condition is performed using an accelerated beam. However, cost of experiments
using accelerated beam are very large and time constraint is very severely. There-
fore, tuning and evaluation of the isochronous ¯eld by using accelerated beam are
very di±cult. To overcome these problems (the cost and time), I suggested a new
test method which was used an ®-source (241Am). Because the cost of ®-source is
very small and it can be used at any time.
An energy of ®-ray is much lower than the heavy-ion beam. However, since this
ring can be operated in such low energy region, the veri¯cation of isochronism and
measurement scheme are able to be performed. Further, it seems that the tuning
method obtained from the o®-line experiments is applicable to the heavy-ion beam
experiments.
Thus, I performed mainly the following experiments using the ®-source:
1. Operation check of all devices
It is the ¯rst operation since the construction of the Rare-RI Ring. Therefore,
all devices have to be checked whether it is operating as designed.
2. Evaluation and tuning of the isochronous ¯eld of the ring
Initial setting of the trim coils is obtained based on calculations. However, it
is not necessarily correspond to the optimum setting. If the isochronous condition
is not satis¯ed, a tuning of trim coils will be necessary.
3. Tests of the individual injection, accumulation and extraction for a single par-
ticle
The individual injection is not veri¯ed experimentally in the world. Therefore,
it is necessary to verify that it is possible experimentally. Furthermore, in order
to perform the mass measurement, the accumulation and extraction of the single
particle are essential. Thus, I performed the test of these things.
In this chapter, I explained these o®-line experiments.
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3.1 Transport in the ring
In this section, I describe transportation of ®-particles in the ring. The main
purpose of this measurement is to con¯rm whether the magnetic ¯eld is properly
excited and to determine the current of main coils for the ®-particles.
3.1.1 ®-source
An ®-source (241Am) was used for o®-line measurements. A radioactivity of the ®-
source is about 4 MBq. The source size is 9 mm£ 9 mm and it has a thin window.
The energy of ®-particles from this source was 5.4 MeV, however, a certain amount
of energy is deposited in the source thin window.
3.1.2 Experimental setup
The ®-source was placed on central orbit in the R-MD1 chamber. Plastic scintil-
lators were located at R-MD2, R-MD5 and R-MD1. Figure 3.1 shows the exper-
imental setup for ®-particles transportation. Since the ®-particles are emitted in
all directions, two collimators were installed in order to select particles close to
the central orbit. One collimator was placed in front of the source, the other was
placed at the end of the ¯rst straight section. The collimator size was Á 2 mm and
38 mm £ 38 mm, respectively.
Sector #1
Sector #2
Sector #3
Sector #6
Sector #5
Sector #4
R-MD1
R-MD2
R-MD3
R-MD4
R-MD5
R-PD1
R-PD2
R-PD3
R-PD4
MCPC
ILC2
PD5
PD4 PD3 PD2 PD1
α-source
&
plastic
scintillator (5mmt)
25 x 50 mm2
plastic
scintillator (5mmt)
25 x 50 mm2
plastic
scintillator (0.1mmt)
100 x 50 mm2Collimator
38 mm x 38 mm
Figure 3.1: Schematic view of the experimental setup for ®-particles transportation
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3.1.3 Plastic scintillator detector
Two sizes plastic scintillator detector were used at R-MD1, 2 and 5. The detector
used in R-MD1 and 2 consists of a plastic scintillator (25 mm £ 50 mm £ 5 mmt)
and one photomultiplier tube (PMT). This PMT was R7600U manufactured by
Hamamatsu Photonics K.K. [32]. The detector used in R-MD5 consists of plastic
scintillator (100 mm £ 50 mm £ 0.1 mmt) and two PMTs. These PMT were
R9880U-210 manufactured by Hamamatsu Photonics K.K. Figure 3.2 shows a
schematic view of these detectors. All detectors can be moved horizontally relative
to the beam direction.
R7600U
R9880U-210
plastic scintillator
(100 mm x 50 mm x 0.1 mmt)
plastic scintillator
(25 mm x 50 mm x 5 mmt)
(a) (b)
Figure 3.2: Schematic view of the plastic scintillator detectors. (a) is used in
R-MD1 and 2, (b) is used in R-MD5.
3.1.4 Measurement and result
A yield of each detector was measured while changing a current for main coil of
bending magnet. The results of measurement are shown in Fig. 3.3. In order to
obtain a correct peak, x-bin steps of each measurement were changed depending
on the yield. The B½ value was calculated using the relation between current
and magnetic ¯eld shown in Fig. 2.7, under assumption of ½ = 4:045 m. Each
result indicates that the mean value was around B½ = 0:267 Tm. I succeeded
transportation of ®-particles in the ring and determined the current of main coil
at 110 A from these results.
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Figure 3.3: Results of transport from R-MD1 to each sector. The broken line is
the result of ¯tting with Gaussian function.
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3.2 Study of isochronous ¯eld in one turn mea-
surement
A high precision TOF measurement, a high stability of magnetic ¯eld and a high-
precision isochronism are necessary in order to perform a high-precision mass mea-
surement. I suggested a new method for con¯rmation of an isochronous ¯eld with-
out using an acceleration beam. The isochronous means that a revolution time
is same even if a momentum is di®erent (see in Fig. 3.4). If the isochronous
condition was not satis¯ed, the width of TOF spectrum would be broad. On the
other hand, if the isochronous condition was satis¯ed, the width of the spectrum
would be narrow. Thus, I evaluated the width of TOF spectrum while changing
the gradient value of magnetic ¯eld using trim coils. In this section, I describe
details of this measurement and result.
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Figure 3.4: Schematic view of isochronous in the ring. If the isochronous condition
was not satis¯ed, the width of TOF spectrum would be broad (left). On the other
hand, if the isochronous condition was satis¯ed, the width of the spectrum would
be narrow (right).
3.2.1 Experimental setup
The same ®-source that used to previous measurement was used and put in the
R-MD1 chamber. A TOF was measured using a thin carbon foil type detector
(foil detector) [33] and a plastic scintillator detector.
The foil detector consisted of a thin carbon foil and three wired plates. A
schematic view of the detector is shown in Fig. 3.5. When the beam passes
through the thin carbon foil, secondary electrons are generated in the foil. The
electrons generated are transported to a micro channel plate (MCP) by a mirror
electric ¯eld. A mirror electric ¯eld and an acceleration electric ¯eld are created
with wires. Wires (W+Au) with 40 ¹m diameter are set at 8.0 mm from carbon
foil with 1.0 mm pitch, and wires (W+Au) for the triangular part are set with 3.0
25
mm pitch. In this case, I used 60 ¹g/cm2 - thickness carbon foil and small e®ective
size MCP (F4655-13). Table 3.1 shows the speci¯cations of MCP (F4655-13).
The foil detector was placed in front of the ®-source, while the plastic scintil-
lator detector was placed behind the ®-source to detect alpha-particle after one
turn. Figure 3.6 is a photograph of the R-MD1 chamber. A signal from the foil
detector was used as a stop timing of TOF and a signal from the plastic scintillator
detector was used as start timing. In this way a true event could be observed. The
time resolution of the two detectors when using the same ®-source was about 460
ps in sigma.
Ion Beam
W+Au wire
(φ40 µm / 3 mm pitch)
(Vmir = -3500 V)
W+Au wire
(φ40 µm / 1 mm pitch)
(Vacc = -2500 V)
C-Foil (60 µg/cm2)
(Vfoil= -3000 V)
φ 15 mm
or
(H)50 mm x (W)100 mm
MCP
F4655-13
or
F9892-14
e-
Figure 3.5: Schematic view of the foil detector
Table 3.1: Speci¯cations of MCP (F4655-13)
Assembly outer diameter 38.0 mm
E®ective diameter 14.5 mm
MCP channel diameter 4 ¹m
Number of MCP stages 2
MCP supply voltage (In-Out) 2 kV
MCP-Out to anode voltage 0.5 kV
Operating vacuum condition 6.7 £ 10¡4 Pa
Gain at 2.0 kV 1 £ 108
Dark count at 2.0 kV 5 cps/cm2
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Plastic scintillator
α-source
Foil detector
Figure 3.6: Photograph of the R-MD1 setup in this measurement
3.2.2 Data acquisition system
The data acquisition system consists of a NIM circuit, CAMAC and the NBBQ
system [34]. Output signals of detectors were processed and fed into CAMAC mod-
ules such as TDC. The digitized data by the CAMAC modules are read, recorded,
and visualized by the NBBQ and ANAPAW [35] system. In this measurement,
CCNET was used as a crate controller. The typical circuit diagrams for logic and
linear signals used in these measurements are shown in Fig. 3.7. The timing of
the trigger signal is determined by the plastic scintillator output.
3.2.3 Result
Figure 3.8 shows the TOF spectrum obtained at @B
@r
1
B0
= 0:205. Obtained TOF
is 4643.5(6) ns which corresponds to ®-particle with 0.87 MeV/u. This energy is
equivalent to a calculated value from an energy loss by the cover of the source.
Width of TOF spectrum was evaluated by ¯tting with Gaussian and obtained
value was 1.44 ns in FWHM. Thus, the isochronism of the ring was achieved to
less than 3:1£ 10¡4 in FWHM.
TOF in the ring was measured while changing a radial gradient of magnetic ¯eld
using trim coils. Figure 3.9 shows the results of measurement and simulation by
MOCADI [36] using matrix ¯le from COSY INFINITY. In Fig. 3.9, the horizontal
axis is a coe±cient of slope of magnetic ¯eld using trim coils, the vertical axis is the
standard deviation of TOF for one turn. To evaluate an optimum gradient value,
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the results were ¯tted with a parabolic function. From this result, the optimum
value @B
@r
1
B0
= 0:207 was obtained. This value is in very good agreement with
simulation value. Also, it shows that our isochronous ¯eld calculation is correct and
the isochronous ¯eld can be realized using trim coils. From these measurements,
I found that it is possible to adjust the isochronous ¯eld by evaluating the width
of the TOF while changing the setting of trim coils.
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Figure 3.7: Diagram of the electrical circuit in these experiments
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3.3 Individual injection using self trigger system
Since I could adjust the isochronous ¯eld using trim coils, I veri¯ed individual injec-
tion, accumulation and extraction of a single particle. Thus, tests of transportation
from injection line and tuning of injection orbit were performed. Furthermore it
is possible to con¯rm the higher-order isochronism from this measurement. The
isochronism for one turn seemed that saturated by the detectors (see in Fig. 3.9).
To con¯rm the higher isochronism, more turns or improved detector resolution is
needed. A method of increasing the number of turns was adopted in this study.
3.3.1 Experimental setup
The same ®-source placed upstream of PS1 (ILC1 area). In this measurement, a
collimator was not installed. In ILC2 chamber, the foil detector or a Si photodiode
(s3584-09) were used, depending on the need. In this case, 60 ¹g/cm2 thickness
carbon foil and medium e®ective size MCP (F9892-14) were used for the foil detec-
tor. Tab. 3.2 shows the speci¯cations of MCP (F9892-14). This photodiode has
large e®ective area (28 mm£28 mm). Setup for the measurement using individual
injection system is shown in Fig. 3.10.
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PS6 PS5 PS4 PS3
PS2 PS1
SMI1
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SME1
Sector #1
Sector #2
Sector #3
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R-PD4
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α-source
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Si photodiode 
or 
Foil detector
Plastic scinti.
+
PMT
Trigger signal
Figure 3.10: Setup for ®-particles injection
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Table 3.2: Speci¯cations of MCP (F9892-14)
Assembly outer diameter 92.0 mm
E®ective diameter 42 mm
MCP channel diameter 6 ¹m
Number of MCP stages 2
MCP supply voltage (In-Out) 2.0 kV
MCP-Out to anode voltage 0.5 kV
Operating vacuum condition 1.3 £ 10¡4 Pa
Gain at 2.0 kV 1 £ 106
Dark count at 2.0 kV 3 cps/cm2
The detectors in the ring were almost the same as the previous measurement.
However, the setup of R-MD1 was changed same as other R-MD area. For mea-
surement of TOF, a large plastic scintillator (50 mm £100 mm £1 mmt) with a
PMT (H2431-50) was installed at ELC area in vacuum.
3.3.2 Injection line
First, the current of the bump coil was adjusted to optimize the bending angle. The
®-particles counts were measured using the Si photodiode at ILC2 while changing
the current of bump coil. The result is shown in Fig. 3.11. In this measurement,
the current of the main coil was ¯xed to 110 A. This value was determined from
the previous measurement. From this result, optimum value for bump coil was
determined to 17.5 A.
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Figure 3.11: Bump coil current dependence of count rate at ILC2
Next, the current of septum magnets was adjusted to transport in accordance
with an ideal injection orbit. The ideal injection trajectory for ®-particles is shown
in Fig. 3.12. The current value in septum1 was ¯xed to the calculated value (95 A)
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and septum2 was adjusted as explained in the following. The detector of R-MD1
was set at +13 mm position corresponding to the injection orbit and counts were
measured in each straight section (R-MD2 - 4). The results are shown in Fig. 3.13.
The resulting optimum currents were 95.0 and 76.2 A for septum magnet 1 and 2,
respectively.
+13 mm
@R-MD1
-100 mm
@R-MD2
-100 mm
@R-MD3
R-MD4Kicker
11 mrad
Figure 3.12: Injection trajectory for ®-particles. This ¯gure shows only horizontal
axis. Each color shows di®erent momentum. Blue is dp=p0 = +0:5%, green is
dp=p0 = 0% and red is dp=p0 = ¡0:5%.
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Figure 3.13: The results of adjusting septum magnets at each R-MD area
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3.3.3 Individual injection of ®-particle
In this section, individual injection for the ®-particles will be explained. In order
to make trigger signal for the kicker, the detector at ILC2 was changed from the Si
photodiode to the foil detector. The diagram of electronic circuit for thinning out
the trigger signal to less than 100 Hz is shown in Fig. 3.14. The maximum trigger
rate, 100Hz in this case, was limited by the kicker system. In this measurement,
a standard BNC cable with 35 m long was used as transmission cable for the
kicker's trigger. Because TOF of between ILC2 and kicker area was calculated as
3.1 ¹s, this cable length was short enough. Figure 3.15 shows the magnetic ¯eld
distribution of the kicker magnet for ®-particles.
Foil detector CFD
Start
Gate&Delay
Generator
Gate&Delay
Stop
Latch mode
KN1500
ORTEC 935
Linear FIFO
KN1500
To kicker area
Phillips 740
Figure 3.14: Diagram of electrical circuit to thin the signal for kicker trigger
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Figure 3.15: Magnetic ¯eld of the kicker magnet at center of magnet
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There were two parameters for kicker tuning, one is timing and other one is
charging voltage. Thus, con¯rmation of injection was carried out as follow.
i) Measure integration counts of TOF (ILC2 - R-MD4 at +100 mm) spectrum
without excite of the kicker magnet (see in Fig. 3.13 (d)).
ii) Perform the same previous measurement with excite the kicker magnet.
ii-a) To adjust the timing, measured the counts while changing the external
delay.
ii-b) To adjust the charging voltage of the kicker system, measured the counts
while changing the charging voltage.
ii-c) Con¯rm a position at R-MD4 after kicking.
The result of ii-a) is shown in Fig. 3.16 (a). This shape was very similar to the
magnetic ¯eld waveform. From this result, the external delay was determined to
2350 ns.
Next, in order to optimize the charging voltage, the scintillator of R-MD4
was set at 0 mm. The result of ii-b) is shown in Fig. 3.16 (b). The charging
voltage was determined to 8.9 kV from this result. In order to con¯rm these
parameters, the position after kick at R-MD4 was measured. The result of ii-c)
is shown in Fig. 3.16 (c). From this result, I could con¯rm that ®-particle was
kicked correctly. From these measurements, I found that individual injection was
succeeded experimentally for the ¯rst time in the world. An injection e±ciency
with respect to the trigger by integrating the results of Fig. 3.16 (c) was estimated
at about 1.9%.
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3.4 Extraction of ®-particle
From previous measurement, I found that the injection was performed as expected.
As a next step, an ejection was con¯rmed. The data acquisition system was
changed to check of ejection. Previously, I used CCNET module. However the
circuit adjustment was di±cult, because TDC of CAMAC has short dynamic range.
Therefore, a long dynamic range TDC was used to perform circuit adjustment
easily. This TDC is Agilent's Acqiris TC890 [37]. This TDC has very long dynamic
range of 10 ms.
In order to eject particle from the ring, a delay of kicker for ejection must be
adjusted. The ideal extraction trajectory for ®-particles is shown in Fig. 3.17. An
ejection orbit corresponds to -100 mm at R-MD4. So the scintillator of R-MD4 was
set at -100mm and counts were measured while changing the delay of the kicker.
The result is shown in Fig. 3.18 (a). The optimum delay obtained was 7000 ns.
Next, the position distribution at R-MD4 was measured and the result is shown
in Fig. 3.18 (b). I found that ®-particle was kicked correctly for ejection.
Kicker -100 mm
@R-MD4
ELCBeam
Figure 3.17: Extraction trajectory for ®-particles. This ¯gure shows only horizon-
tal axis. Each color shows di®erent momentum. Blue is dp=p0 = +0:5%, green is
dp=p0 = 0% and red is dp=p0 = ¡0:5%.
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Figure 3.18: (a) Delay time dependence for ejection. (b) Position distribution at
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Since kicker magnet condition was well tuned, ejection was tried in the case
of one turn. At ¯rst, I checked signal of ELC detector using oscilloscope. Figure
3.19 shows the screen shots of oscilloscope for extraction of ®-particles. From this
result, I could see three timing signals; ¯rst signal was existed before injection
kicker signal. Second one was existed before ejection kicker signal. Last one was
existed after ejection kicker signal. Since the last signal seems to be a correct, I
measured the TOF using the TDC. Figure 3.20 (a) shows that the ¯rst result of
ejection with one turn for ®-particles. The ¯rst peak [i] in Fig. 3.20 corresponds
to ®-particles that have passed through the second sector and reached ELC. The
second peak [ii] corresponds to ®-particles that reached ELC after kick for injection.
The third peak [iii] corresponds to true events of ejection! To verify whether the
third peak was true event, I measured the TOF without the ejection kicker. This
measurement result is shown in Fig. 3.21. From these results, it was con¯rmed
that the third peak is true event. Thus, ejection of ®-particles from the ring was
successful. An extraction e±ciency with respect to the trigger was about 0.25%.
Foil detector signal
ELC detector signal
Kicker (Injection) Kicker (Ejection)
[iii][ii][i]
Figure 3.19: Screen shots of oscilloscope for extraction of ®-parcels
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Figure 3.20: (a) First result of ejection for ®-particles. (b) - (d) are zoom on each
peak.
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Figure 3.21: TOF spectra of ®-particles without ejection kicker. Only the third
peak was not observed.
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3.5 Multiturn measurements
In the mass measurements, particles must circulate for about 2000 turns. Also, if
particles were stored for longer time, the precision of the isochronism measurement
would be improved. Therefore, ejection was tried while increasing number of laps.
The results are shown in Fig. 3.22. Each measurement was carried out in one
hour.
Measurements were successful to 10 turns. The setting of trim coils @B
@r
1
B0
was
0.205 in the measurements. The widths of each measurement result are shown in
Fig. 3.23. However, I could not ¯t for more than seven turns, since statistics was
very small. It seems that the width will be larger as the number of turns increases.
Unfortunately, it was not clear because the error is too large.
Furthermore, I measured two settings of trim coils (@B
@r
1
B0
= 0.205, 0.195) in the
case of three turns. The former value is optimum value obtained from measure-
ments of one turn in the ring. On the other hand, the latter one is the optimum
value by calculation in three turns. These results are shown in Fig. 3.24. I found
that isochronism for ®-particles was achieved to the level of 8:8£ 10¡5 in the case
of three turns with setting of trim coils @B
@r
1
B0
= 0.195.
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Figure 3.22: Results of multiturn measurements
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Figure 3.23: Trend of standard deviation for multiturn measurements
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3.6 Summary of o®-line measurements
I constructed the Rare-RI Ring and mainly developed the tuning method of trim
coils, detectors, control and monitoring systems. I suggested and performed a
new test method which was used an ®-source (241Am). Experiments in storage
ring using ®-source had never been performed. From the experiments, I could
con¯rm that all devices were worked well as designed. Furthermore, I succeeded
in the adjustment of isochronous ¯eld using trim coil. At the same time, I also
succeeded in the individual injection, accumulation and extraction for the single
particle for the ¯rst time in the world. I demonstrated that the Rare-RI Ring is
operating as designed by performing the o®-line experiments. Since all operations
were con¯rmed in o®-line experiments, I have conducted on-line experiment using
a heavy-ion beam. The on-line experiment will be described in the next chapter.
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Chapter 4
On-line experiment using 78Kr
beam
In the previous chapter, the measurements using ®-source were presented. From
the o®-line experiments, I found that the ring is running as designed and the
isochronous ¯eld is formed well. Therefore, to verify whether a tuning method ob-
tained from the o®-line experiments is applicable to heavy-ion beam experiments,
I conducted an experiment using a heavy-ion beam. In this chapter, the on-line
test of the Rare-RI Ring will be presented using 78Kr beam delivered by the RIBF
facility. In actual mass measurement, particles come through the BigRIPS and
the SHARAQ spectrometer. It is necessary to evaluate the performance of the
Rare-RI Ring in combination with the upstream beam line. This test highlighted
the need for several improvements.
4.1 Outline of measurement
The main purposes of this experiment were the following:
1. Beam transportation from F3 to the Rare-RI Ring
Beam transportation to the Rare-RI Ring was the ¯rst time. Therefore, it was
necessary to check whether the beam transportation is able to be performed as
designed.
2. Con¯rmation of individual injection, accumulation and extraction of heavy-ion
same as the o®-line experiments
These things were successful in the o®-line experiments. However, the beam
energy is very high compared with the ®-ray. Therefore, con¯rmation of the indi-
vidual injection, accumulation and extraction is necessary for high energy beams.
3. Tuning of isochronous ¯eld for heavy-ion beam using trim coils
The tuning of isochronous ¯eld using trim coils was con¯rmed in the o®-line ex-
periments. However, it should be also con¯rmed in the case of heavy-ion beam. In
addition, a precise isochronism for accelerated beam is necessary for high-precision
mass measurement. Thus, the tuning of isochronous ¯eld and the measurement of
isochronism were performed.
41
A 345 MeV/u 78Kr beam was provided from the SRC (Superconducting Ring
Cyclotron) and transported to the target at F0 of BigRIPS (see Fig. 4.1). But
this energy was too high to perform individual injection. Thus, I used thick Be
target at F0 in order to attenuate the energy. At the F0 target, many unstable
nuclei were generated at the same time. However, I only used 78Kr beam for this
experiment. That is to say, particle identi¯cation was not needed. If only the
primary beam was used, the beam intensity would have been too high to use for
our experiment. Therefore, a di®erent charge state 78Kr34+ was used between F0
and F1. A wedge-type degrader was installed at F1 to attenuate the energy and to
separate nuclei. Also, the charge state of Kr was changed from 34+ to 36+ while
passing through the material. In order to change the beam momentum, thin plate-
type degraders were installed at F2. By changing the momentum, it is possible
to tune the isochronism of the ring and to con¯rm the dispersion. Information of
the beam from F0 to F3 is summarized in Tab. 4.1. Also, Tab. 4.2 shows the
speci¯cations of the ring for 78Kr 168 MeV/u beam.
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Figure 4.1: Schematic view of the beam line for our experiment
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Table 4.1: Beam informations up to F3 of BigRIPS
Primary beam 78Kr36+
Energy @ F0 345 MeV/u
Secondary beam (F0 » F1) 78Kr34+
Secondary beam (F1 » ) 78Kr36+
Energy @ F3 »170 MeV/u
Beam rate @ F3 »2 kcps
Table 4.2: Speci¯cations of the ring for 78Kr 168 MeV/u
Transition °t 1.18
Betatron tune ºx = 1:18 , ºy = 0:93
Beta function ¯x = 8.4 m , ¯y = 11.9 m
Dispersion 70 mm/%
Kick angle 11 mrad
4.2 Ion optics for beam transportation from F3
to Rare-RI Ring
A focusing of the beam at each focal plane is very important in a beam transporta-
tion. The beam transportation to the Rare-RI Ring was the ¯rst time. Therefore,
a ion optics which was used in other experiments was employed. The ion optics
from F3 to SHARAQ was based on the HA mode (High-resolution Achromatic
mode) [38] that was used in SHARAQ experiments. Beam envelopes from F3 of
the BigRIPS to S0 which is a focal plane of SHARAQ are shown in Fig. 4.2 (a).
These results of ¯rst-order calculation using COSY INIFINITY code and initial
values at F3 were x; y = §1mm and a; b = §5 mrad. In this optics, F3 is an
achromatic focus point as well as FH9 and S0. Also, F6 is a dispersive focus point.
Thus, a momentum of the beam is able to be obtained by take an information of
horizontal position at F6.
For downstream from S0, the new ion optics was investigated using the COSY
INFINITY code. Since a dispersion matching injection is necessary in this ring,
the ion optics was investigated so that the dispersion matching condition was
satis¯ed at kicker. However, it is not possible to con¯rm whether the condition
was satis¯ed in the kicker area. Therefore, the conditions to be satis¯ed at ILC2
took into account the dispersion matching condition at kicker area. The beam
trajectory obtained from preliminary calculations are shown in Fig. 4.2. The
matrix elements at each focal plane are summarized in Tab. 4.3.
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(a-i) (b-i)
(a-ii) (b-ii)
Figure 4.2: Beam envelopes from F3 to the ring by COSY INFINITY code. Each
color shows di®erent momentum. Blue is dp=p0 = +0:3%, green is dp=p0 = 0%
and red is dp=p0 = ¡0:3%. (a) series shows horizontal axis and (b) series shows
vertical axis.
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Table 4.3: Matrix elements at each focal plane for the ¯rst-order calculations
F3-F4 x [m] a [rad] y [m] b [rad]
x [m] -0.90 -0.02 0.00 0.00
a [rad] -0.01 -1.11 0.00 0.00
y [m] 0.00 0.00 -4.00 -0.07
b [rad] 0.00 0.00 0.05 -0.25
dp=p -1.83 -0.36 0.00 0.00
F3-F6 x [m] a [rad] y [m] b [rad]
x [m] 0.90 0.03 0.00 0.00
a [rad] 0.01 1.11 0.00 0.00
y [m] 0.00 0.00 -4.00 0.00
b [rad] 0.00 0.00 0.05 -0.25
dp=p 7.54 0.39 0.00 0.00
F3-FH9 x [m] a [rad] y [m] b [rad]
x [m] -2.54 -0.08 0.00 0.00
a [rad] -0.05 -0.39 0.00 0.00
y [m] 0.00 0.00 -2.99 0.93
b [rad] 0.00 0.00 0.09 -0.36
dp=p -0.19 0.31 0.00 0.00
F3-S0 x [m] a [rad] y [m] b [rad]
x [m] 1.41 0.44 0.00 0.00
a [rad] -0.10 0.68 0.00 0.00
y [m] 0.00 0.00 1.46 0.01
b [rad] 0.00 0.00 -0.17 0.68
dp=p 0.11 -0.52 0.00 0.00
F3-ILC1 x [m] a [rad] y [m] b [rad]
x [m] 1.06 2.59 0.00 0.00
a [rad] 0.00 0.94 0.00 0.00
y [m] 0.00 0.00 -3.78 -0.13
b [rad] 0.00 0.00 0.00 -0.26
dp=p -4.70 -0.13 0.00 0.00
F3-ILC2 x [m] a [rad] y [m] b [rad]
x [m] 2.47 2.20 0.00 0.00
a [rad] 0.37 0.73 0.00 0.00
y [m] 0.00 0.00 4.20 0.35
b [rad] 0.00 0.00 0.07 0.24
dp=p -7.25 -0.84 0.00 0.00
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4.3 Detectors
In this section, all detectors used in this experiment will be described. Table 4.4
shows devices and detectors installed at each focal plane. Each detector was used
to obtain the position information at each focal plane and timing information
of the beam. Electrical circuits that were used in this experiment are shown in
Appendix H.
Table 4.4: Devices and detectors were installed at each focal plane
Location Device / Detector
F0 Target Be 10 mmt
F1 Degrader (Wedge) Al 4.5 mmt (5.35 mrad)
F1 Slit § 5.0 mm
F2 Degrader (Plate) Al 25, 50, 75, 100 ¹mt
F3 Plastic scintillator (120 mm £ 100 mm £ 0.2 mmt)
2 Double DL-PPACs (240 mm £ 150 mm)
F4 Single DL-PPAC (240 mm £ 100 mm)
F6 Single DL-PPAC (240 mm £ 150 mm)
FH9 Double DL-PPAC (240 mm £ 150 mm)
Plastic scintillator (220 mm £ 150 mm £ 3 mmt)
FH10 Double DL-PPAC (240 mm £ 150 mm)
Plastic scintillator (220 mm £ 150 mm £ 1 mmt)
S0 Double DL-PPAC (240 mm £ 150 mm)
ILC1 CD-PPAC (50 mm £ 50 mm)
ILC2 Plastic scintillator (100 mm £ 50 mm £ 0.5 mmt)
ILC2 CD-PPAC (100 mm £ 100 mm)
R-MD1 » 5 Plastic scintillator (5 mm £ 50 mm £5 mmt)
MCPC C-foil detector (100 mm £ 50 mm £ 60¹g/cm2)
3rd straight section Resonant Schottky pick-up
ELC Plastic scintillator (100 mm £ 50 mm £1 mmt)
4.3.1 PPAC
The PPAC (Parallel-Plate Avalanche Counter) is a gas counter which provides po-
sition information of charged particles [39]. As shown in Fig. 4.3, an anode plate
is placed between the two cathodes plates. The cathode has a multistrip struc-
ture, as shown in Fig. 4.3. The strips on each cathode plate are perpendicular
to each other for the two-dimensional position measurement. The position infor-
mation is given by the charge-division method (CD-PPAC) or delay-line method
(DL-PPAC). In the case of CD-PPAC, resistors are inserted between neighboring
strips and the charge is read from both ends of the resistors of series. Position
information is given by the ratio of the read charges. In the case of DL-PPAC,
delay lines are inserted between strips and arrival time of signals are read through
these delay lines. Position information is given by the di®erence of the timing sig-
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nals. In the PPAC, iso-butane gas is ¯lled at the pressure of about 10 Torr. The
vacuum windows are made of aluminized-myler foils. The thickness of the foils is
4 ¹m. Recently, in order to improve a detection e±ciency two sets of anode and
cathode are installed in the PPAC, it is called \Double" PPAC. Thus, the position
information was obtained using these PPACs. Furthermore, the angle information
was also obtained by combining the two PPACs.
Cathode(Y)
Cathode(X)
Anode
X1 X2
Y2
Y1
Delay Line (Y)
or
Resistor (Y)
Delay Line (X)
or
Resistor (X)
Figure 4.3: Structure of parallel-plate avalanche counters (PPAC)
4.3.2 ILC2 and ELC detectors for TOF measurement
One of the simplest detector setups is a plastic scintillator coupled to PMT. There-
fore, I used plastic scintillators for TOF measurement of the ring. In the case of
ILC2, space for installing such a detector was very limited. To mount the detector
such a limited space, a \T-shaped" TOF detector [33] as shown in Fig. 4.4 was
developed. The left part of the detector consisted of two PMTs (R7600U) coupled
to top and bottom of the light guide that is attached to the scintillators, while in
the right part one PMT (H2431-50) is coupled to the left side of the scintillator
through light guide. In this experiment, the thickness of the scintillator was 0.5
mmt. In the case of ELC, a standard plastic scintillator was used with both sides
connected to a light guide and a PMT (R7600U). The thickness of this scintillator
was 1.0 mmt.
R7600U + E5996
H2431-50
Plastic scintillator
ion beam
Plastic scintillator
R7600U + E5996
R7600U + E5996
Ion beam
(a) (b)
100 mm 100 mm
50 mm
50 mm
Figure 4.4: Schematic view of (a) \T-shaped" TOF detector at ILC2 and (b)
plastic scintillator at ELC
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4.4 Results of beam transportation
F3
At ¯rst, the achromatic focus at F3 was con¯rmed. The result is shown in Fig.
4.5. The beam size was x = 2.37 mm, y = 0.95 mm and angle was a = 3.75 mrad
and b = 7.56 mrad in sigma. The beam size and horizontal angle were consistent
with the estimated values from calculation. The vertical angle was greater than
the estimated value (» 4 mrad). However, because it was found that it is no e®ect
to a transmission from simulation, the beam tuning at F3 was ¯nished.
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Figure 4.5: Beam emittance at F3 for horizontal axis (a) and vertical axis (b)
F6
Focus and momentum dispersion at F6 were con¯rmed while changing momentum
of the beam using the degrader at F2. From Tab. 4.3, the dispersion of this focal
plane is 75.4 mm/%. In this case, the beam momentum was changed by §0:25%.
Therefore, beam position should be shifted by 19 mm. The results are shown in
Fig. 4.6. From these results, it was found that the dispersion at F6 is 73 mm/%.
Since, obtained momentum distribution was consistent with calculated value, the
beam tuning at F6 was also ¯nished.
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Figure 4.6: Beam position at F6 for each momentum. Momentum dispersion is
about 73 mm/%.
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FH9 and S0
As for F3, the achromatic focus at FH9 and S0 were con¯rmed. The information
of S0 was obtained by combining the PPACs at F10 and S0. The results are shown
in Fig. 4.7 and 4.8, where the standard HA mode was achieved. The beam size
at S0 was x = 2.66 mm, y = 1.91 mm and angle was a = 6.02 mrad and b =
6.44 mrad in sigma. The ion optics from F3 to S0 were almost reproduced the HA
mode optics, although the both angles at S0 was large.
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Figure 4.7: Beam information at FH9 for horizontal axis (a) and vertical axis (b)
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Figure 4.8: Beam emittance at S0 for horizontal axis (a) and vertical axis (b)
Injection-line part
The subsequent transport is new optics that has been devised for the Rare-RI
Ring experiment. Therefore, con¯rmation of the optics after S0 is important.
After exiting SHARAQ area, there is a ¯rst focal plane at ILC1. The momentum
dispersion at ILC1 and ILC2 were con¯rmed as well as F6. The dispersion of ILC1
was adjusted by tuning the quadrupole magnets at SHARAQ area. The results are
shown in Fig. 4.9 and obtained dispersion was about -34.8 mm/%. After tuning at
ILC1, the dispersion at ILC2 was tuned using quadrupole magnets of the injection
line. The results are shown in Fig. 4.10 and obtained dispersion was about -67.3
mm/%. Although these values were slightly smaller than the calculated values, I
proceeded to the next step so the injection of the heavy-ion was important.
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Figure 4.9: Beam position at ILC1 for each momentum. Dispersion is about -34.8
mm/%.
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Figure 4.10: Beam position at ILC2 for each momentum. Dispersion is about -67.3
mm/%.
Furthermore, it was con¯rmed for a width of TOF spectrum at ILC2. A start
signal of all TDC was used the signal from plastic scintillator at F3. Figure 4.11
shows the TOF spectrum of \T-shaped" TOF detector in ILC2. The width of
TOF spectrum obtained from the ¯tting by Gaussian function was 836(16) ps in
FWHM. This value is su±ciently small relative to the TOF of between ILC2 and
ELC.
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Figure 4.11: TOF spectrum at ILC2 with Gaussian ¯t
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From ILC2 to kicker area
The beam transportation up to ILC2 was succeeded. Beam tunings of downstream
from ILC2 were carried out similar to the o®-line measurement. However, the tun-
ing of the injection orbit from ILC2 to kicker area was carried out while monitoring
the plastic scintillator that has been installed in each R-MD chamber since beam
intensity was higher than the o®-line measurement. An advantage of this method
is the position distribution can be obtained by scanning once. Therefore, it is pos-
sible to reduce the time required for tuning of the injection orbit. The positions for
the ideal injection orbit at each R-MD area are: R-MD1=+55 mm, R-MD3=-80
mm and R-MD4=+80 mm. The measured positions at each chamber are shown
in Fig. 4.12. The vertical axis is the output of a ratemeter and the horizontal
axis represents the position of the detector. Unfortunately, it could not be mea-
sured by the failure of the detector for R-MD2. Although these results have broad
distribution, the widths were comparable with the simulation by MOCADI. From
these results, it was found that the injection orbit is well tuned.
R-MD1 R-MD3
R-MD4
Figure 4.12: Position measured at each R-MD area: (a) R-MD1, (b) R-MD3, (c)
R-MD4.
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4.5 Individual injection for high-energy beam
In the o®-line measurement, the ®-particle signal at ILC2 was used as a trigger to
¯re the kicker magnet. While, in the on-line experiment, the particle signal at F3
was used. The main di®erence is the particle's energy. In the on-line experiment
the particle is much faster, therefore taking a trigger from ILC2 would have been
too short to excite the kicker magnet on time while the particle is °ying from ILC2
to the kicker. Using a standard BNC cable to transport the signal from F3 to the
kicker magnet is too slow. Therefore, a coaxial tube that can transport the signal
very fast was developed. From o®-line test, it was found that the coaxial tube could
transport NIM signal with about 3.34 ns/m. F3 and the kicker are connected by
a 90 meters the coaxial tube. Accordingly, signals generated at F3 will arrive to
the kicker after approximately 300 ns. The injection timing was adjusted while
adding external delay to this signal for kicker trigger. In order to optimize the
injection timing the scintillator at R-MD4 was set on the injection orbit (0 mm)
and measured a TOF between F3 and R-MD4. The obtained distribution is shown
in Fig. 4.13 (a). From this result, the optimum delay was 40 ns. In addition,
optimization of the charging voltage for the kicker magnets was performed. The
method was the same as in the case of o®-line measurements. The result is shown
in Fig. 4.13 (b), the charging voltage was ¯xed to 26.6 kV. This voltage value
corresponds to about 11 mrad for kick angle from o²ine measurement results of
the magnetic ¯eld.
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Figure 4.13: (a) External delay dependence of injection count rate. (b) Charging
voltage dependence of injection count rate
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4.6 Con¯rmation of storage for single particle
After the individual injection was successful, I con¯rmed whether the particle has
been accumulated. The foil detector that was described in the previous chapter
was used for this measurement and two data acquisition methods were used; one is
taking the raw signal using an oscilloscope. The other is taking the time spectrum
using multi-hit TDC (TC890). For the oscilloscope, it was very di±cult to con¯rm
the storage from the signal of one event. Thus, multiple events were superimposed.
The ¯rst result using the oscilloscope is shown in Fig. 4.14 (a). Figure 4.14 (b)
was obtained by zooming on one of the signal of Fig. 4.14 (a). The spectrum from
the multi-hit TDC is shown in Fig. 4.15. From results of Fig. 4.15, it was found
that the particle was circulating at least 70 turns with 379.64(34) ns/turn.
Also, the widths of each peak were evaluated the same as the o®-line experi-
ment. The results are shown in Fig. 4.16. It seems that the width will be slightly
larger as the number of turns increases. Thus, I ¯tted with a linear function and
the ¯tting result is shown in Fig. 4.16. Obtained coe±cient of slope was about
3(3)£ 10¡6 and estimated width from this value at 700 ¹s was 6(5) ns in FWHM.
Thus, the isochronism at 700 ¹s was estimated to be obtained in 9(7)£10¡6.
Kicker trigger
Foil detector
(a)
(b)
Figure 4.14: Screen shots of oscilloscope. (a) shows all events from foil detector.
(b) is zoom on one event.
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Figure 4.15: Time spectrum obtained by using multi-hit TDC
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Figure 4.16: Trend of standard deviation for 78Kr beam
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4.7 Extraction from the ring
Since the accumulation was con¯rmed, the extraction was performed. The ejection
was performed after about 700 ¹s from injection. Through an experience in the o®-
line measurements I found that the extraction will be succeeded when the timing
was optimized. Therefore, counts at ELC were measured while changing the timing
between injection and ejection. The time between injection and ejection could be
adjusted by changing the kicker magnets internal delay. This result is shown in
Fig. 4.17. The optimum time obtained was 700.330 ¹s. Figure 4.18 shows a TOF
spectrum obtained when storage time was 700.330 ¹s.
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Figure 4.17: Internal delay dependence of ejection event count rate
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Figure 4.18: TOF spectrum when storage time was 700.330 ¹s
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4.8 Measurement of isochronous condition
Since the beam momentum is able to be measured in the on-line experiment, it is
possible to know whether the isochronous condition is satis¯ed from a correlation
between the momentum and TOF. Therefore, TOF between ILC2 and ELC was
measured while changing the beam momentum using the degrader at F2. Three
beam momentum settings dp=p0 = ¡0:25; 0;+0:25% were used. The momentum
was measured at F6 using PPAC. Since the optimum value by calculation was
@B
@r
1
B0
= 0:283, the initial setting had been set as 0.283. In order to con¯rm the
e®ect of trim coils, TOF was measured while changing trim coils setting @B
@r
1
B0
=
0:283; 0:284 and 0:279. Obtained the correlations between the momentum and
TOF are shown in Fig. 4.19 and 4.21.
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Figure 4.19: Correlations between momentum and TOF in the ring. Trim coils
setting was set to @B
@r
1
B0
= 0:283.
This result shows that an acceptance of high momentum side was narrow. So
that, dp=p0 = ¡0:25 and 0% only could be measured. Therefore, an optimum
setting of the current of main coil was searched.
In order to accept higher momentum, the main coil was adjusted (from BNMR =
1:0434 to 1:0466 T). In this adjustment, the condition of the kicker and septums
were not changed. The results of the injection orbit at this setting are shown
in Fig. 4.20. Compared with the results shown in Fig. 4.12, it was found that
the particles are passed inner orbit at R-MD3. Although the injection orbit was
di®erent from the ideal one, the measurements were continued.
I found that the acceptance was shifted to high momentum side (see in right
side of Fig. 4.21). Consequently all momentum settings dp=p0 = ¡0:25; 0 and
+0:25% could be measured. Further changing the trim coil conditions, isochronism
of the ring was measured. The results of this measurement are shown in Fig. 4.21.
Detailed discussion on the results will be described in the next section.
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R-MD1 R-MD3
R-MD4
Figure 4.20: Position distribution obtained in each R-MD area after adjustment
of main coil
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Figure 4.21: Results of TOF measurement for di®erent trim coils settings
57

Chapter 5
Results and discussion
In a mass measurement, the precision of TOF measurement is very important.
The precision of the TOF measurement depends on the isochronism of the ring.
Therefore, making the isochronous ¯eld of ring is very important. In this chapter,
the isochronism of the ring as well as (future) improvements will be discussed.
5.1 Isochronism of the ring in 78Kr beam exper-
iment
In this experiment, ¯rst-order isochronous ¯eld using trim coils was tuned. From
Fig. 4.19 and 4.21, the TOF versus momentum seems to have a like hyperbolic
distribution, which could represent the second-order isochronous ¯eld components.
To analyze numerically, I took the average within each x-bin and ¯tted with a
quadratic function. The results are shown in Tab. 5.1 and Fig. 5.1.
It was found that the shape of the function and ¯rst-order component (P1) was
changing with the trim coil setting. From these results, the ¯rst-order isochronous
condition was improved by increase the gradient of magnetic ¯eld. Also the P1
was changed when the setting of main coil was changed. Because it was contained
a component of the main coil, as shown in Eq. (2.14). Therefore, it is necessary
to adjust the main coil as well as the trim coil.
Table 5.1: Obtained ¯tting parameters and the degree of achievement for
isochronous by using trim coils. The obtained function are shown in Fig. 5.1.
f(x) = P0 + P1x+ P2x2
BNMR 1.0434 T 1.0466 T
@B
@r
1
B0
0.284 0.283 0.279 0.279 0.277
P0 700861(1) 700863(1) 700867(2) 700846(1) 700840(3)
P1 117(4) 144(4) 181(17) 46(7) 56(62)
P2 306(10) 361(12) 251(44) 209(76) 525(308)
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The second-order component (P2) was also changed when the settings were
changed. To verify the obtained function shape, especially for the second-order
component, I compared the experimental results to a simulation. A simulator
using Runge-Kutta method was developed for this ring [26]. A beam trajectory in
the magnetic sector could be calculated using this simulator. The magnetic ¯eld
was used as calculated by TOSCA, in this simulation. Since I want to compare
only the shape of distribution, the function was parallel translated to match the
vertices. The results for each condition are shown in Fig. 5.2. In all cases, our
measurements were in very good agreement with the simulation. Therefore, it can
be seen that the obtained function was reasonable. Also, it was found that it is
possible to predict accurately the actual isochronism by using this simulation.
dp/p0 @ F6X [%]
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
T
O
F
 [
n
s]
700.75
700.80
700.85
700.90
700.95
701.00
3
×10
10
10×2
10×3
10×4
-1
10×5
1
2
3
4
5
10
-1
-1
-1
-1
dp/p0 @ F6X [%]
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
T
O
F
 [
n
s]
700.75
700.80
700.85
700.90
700.95
701.00
3
×10
10
10×2
10×3
10×4
-1
10×5
1
2
3
4
5
10
-1
-1
-1
-1
dp/p0 @ F6X [%]
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
T
O
F
 [
n
s]
700.75
700.80
700.85
700.90
700.95
701.00
3
×10
10
10×2
10×3
10×4
-1
10×5
1
2
3
4
5
10
-1
-1
-1
-1
dp/p0 @ F6X [%]
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
T
O
F
 [
n
s]
700.75
700.80
700.85
700.90
700.95
701.00
3
×10
10
10×2
10×3
10×4
-1
10×5
1
2
3
4
5
10
-1
-1
-1
-1
dp/p0 @ F6X [%]
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
T
O
F
 [
n
s]
700.75
700.80
700.85
700.90
700.95
701.00
3
×10
10
10×2
10×3
10×4
-1
10×5
1
2
3
4
5
10
-1
-1
-1
-1
(∂B/∂r)/B0 = 0.279 @ 1.0434 T
(∂B/∂r)/B0 = 0.283 @ 1.0434 T
(∂B/∂r)/B0 = 0.284 @ 1.0434 T
(∂B/∂r)/B0 = 0.279 @ 1.0466 T
(∂B/∂r)/B0 = 0.277 @ 1.0466 T
Figure 5.1: Results of ¯tting with quadratic function. The resulting ¯t parameters
are shown in Tab. 5.1.
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Figure 5.2: Comparison of present results and simulation using Runge-Kutta
method. Experimental results were parallel translated to match the vertices.
Broken-line shows ¯tting error of P2.
61
5.2 First-order isochronism of the Rare-RI Ring
To evaluate of isochronism of the ring, the width of TOF spectra in each condition
were evaluated. In order to evaluate the width that included the tail, we used
Gaussian ¯tting function with exponential-tail [40], as described by Eq. (5.1),
f(t) =
½
Ae¡(t¡tm)
2=2¾2 (t · tm + tc)
Aetc(2tm¡2t+tc)=2¾
2
(t ¸ tm + tc); (5.1)
where A is the amplitude of Gaussian peak, tm is centroid of Gaussian, ¾ is the
standard deviation of Gaussian and tc is the distance from tm to switching point.
Figure 5.3 shows ¯tting results of each condition. The obtained width and isochro-
nism are summarized in Tab. 5.2.
Table 5.2: Obtained width and the degree of achievement for isochronism by ¯tting
BNMR 1.0434 T 1.0466 T
@B
@r
1
B0
0.284 0.283 0.279 0.279 0.277
FWHM [ns] 5.34(9) 5.14(11) 7.34(23) 9.54(54) 16.3(1.5)
Isochronism 7:62£ 10¡6 7:33£ 10¡6 1:05£ 10¡5 1:36£ 10¡5 2:32£ 10¡5
Error 0:16£ 10¡6 0:12£ 10¡6 0:03£ 10¡5 0:08£ 10¡5 0:22£ 10¡5
It was found that the isochronism also varied by changing the trim coil set-
ting. Therefore, isochronism of the ring was achieved 10¡6 order when ¯rst-order
isochronous ¯eld was tuned well (@B
@r
1
B0
= 0.283 in this case). This result indi-
cates that the precision of mass measurement is achieved several times 10¡6 when
statistics is enough.
However, if the statistic is very low we won't be able to do proper ¯tting to the
TOF spectrum, which will make the precision of mass measurement worse. That
limit is determined by the width of the spectrum. Thus, the limit was §3:5£10¡5
from this experiment.
Also these results were compared with expected isochronism obtained from
Eq. (2.10). In this experiment case, the velocity ¯ and the ration of radii r=r0
could be calculated as ¯ ¼ 0:53 and r=r0 ¼ 1:0052 in the case of dp=p0 ¼ 0:3%.
Thus, the expected isochronism was obtained to 1:2£10¡5. From this comparison,
it is believed that the ¯rst-order isochronous condition was well satis¯ed in this
experiment. In other words, it is considered that higher-order isochronous ¯eld is
necessary to achieve more precise isochronism.
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Figure 5.3: Results of ¯tting used Gaussian ¯tting function with exponential-tail
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5.3 To obtain high-precision isochronous ¯eld
I analyzed higher-order isochronous ¯eld in order to achieve a high-precision isochro-
nism of the ring. I could expect an ideal TOF spectrum using the function obtained
from measurement. Figure 5.4 shows the results of correction using ¯tted quadratic
function. These distributions are the same as obtained when satisfying the second-
order isochronous ¯eld. To further evaluate the isochronism, the distribution was
projected to Y-axis and ¯tted with Gaussian ¯tting function with exponential-tail
(see in Fig. 5.5). The obtained width and isochronism are summarized in Tab.
5.3. If the width was determined by the setting of the trim coil, the width should
be all the same by this correction. However, all of the width was di®erent. Fur-
thermore, from comparison with the results shown in Tab. 5.2, it was found that
isochronism became worse in the case of BNMR = 1:0434 T but it was improved in
the case of BNMR = 1:0466 T. From these results, it is considered that the width of
the TOF is determined by factors other than the isochronous ¯eld. I will describe
the other factors in the next section.
Table 5.3: Obtained width and degree of achievement of the isochronism in the
case of a quadratic function correction
BNMR 1.0434 T 1.0466 T
@B
@r
1
B0
0.284 0.283 0.279 0.279 0.277
FWHM [ns] 6.52(40) 7.68(50) 8.81(49) 9.03(48) 12.4(1.1)
Isochronism 9:30£ 10¡6 1:10£ 10¡5 1:26£ 10¡5 1:29£ 10¡5 1:76£ 10¡5
Error 0:58£ 10¡6 0:07£ 10¡5 0:07£ 10¡5 0:07£ 10¡5 0:16£ 10¡5
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Figure 5.4: Correlation of TOF and momentum after second-order correction
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Figure 5.5: TOF spectra after correction by quadratic function and ¯tting results
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5.4 Consideration for other factors
5.4.1 Fluctuation of average magnetic ¯eld
Each dipole magnet has °uctuation of average magnetic ¯eld (B £ l), where l is a
path length of central orbit. These magnets were arranged as °uctuations of Bl
is minimized (see in Appendix A). Figure 5.6 shows ¢(Bl)=Bl of each sector. It
shows that the °uctuation of the average magnetic ¯eld was 10¡5 order. Therefore,
it is considered that a satisfaction of the isochronous condition is not su±cient on
only the one sector. In other words, it is necessary to satisfy the isochronous
condition for the orbit of one turn. Since each magnet has a correction coil, the
average of magnetic ¯eld for each sector could be adjusted using other power
supplies.
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Figure 5.6: Fluctuation of average magnetic ¯eld for each sector
5.4.2 Stabilization of the magnetic ¯eld
The isochronism is likely to °uctuate depending on a stability of the magnetic ¯eld
in the ring. Also it is an important issue in mass measurement.
In order to estimate the stability of the magnetic ¯eld, trends of magnetic ¯eld
obtained by NMR probe and temperature of yokes were analyzed. Figure 5.7 shows
the temperature of yokes, magnetic ¯eld and current of power supply for main coil
in 1.5 days. It shows that the magnetic ¯eld was drifting with 0.15 Gauss/day.
This value corresponds ±B=B0 » 1:4£ 10¡5/day. Therefore, drift of the magnetic
¯eld will be 9:8£10¡5 for one-week measurement. That is to say, isochronism of the
ring will be °uctuated with same order, even if second-order isochronous ¯eld was
formed very well. To understand this drift, I considered the cause of variation of
the magnetic ¯eld. It was found that the magnetic ¯eld was °uctuated depend on
the DCCT. It was suggested that the °uctuation of current of the main coil must
be less than 10¡5. To achieve that °uctuation of the current of 10¡6, it is necessary
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to improve the power supply system. For example, a feedback system using the
magnetic ¯eld information will be adopted. Also from the trend of temperature
(see Fig. 5.7 (b)), it suggests that the magnetic ¯eld drift is due to a change in
the yoke's temperature. The correlation between the magnetic ¯eld and the yoke's
temperature is shown in Fig. 5.8. From this result, it was con¯rmed that there are
have a correlation and obtained correlation factor was ¡2:3¡5K=T . This value is
the same order of the coe±cient of thermal expansion for Fe, 1:07£ 10¡6/K. The
required accuracy temperature drift of the yoke should be less than 0.1±C. The
yoke's temperature is presently uncontrolled. Also, the temperature of yoke varies
with the room temperature (see Fig. 5.7 (b)), which was controlled by 4 fan-coil
units. However, this was not accurate enough. Therefore, in order to achieve
°uctuation of 10¡6 for magnetic ¯eld, it is necessary to improve the control of
room temperature by the fan coil, (e.g., increase the number of fan-coil unit or
consider a lay-out and so on).
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5.4.3 Investigation by MOCADI simulation
To investigate for the factors related to the width, I simulated using MOCADI
program. In the simulation, experimental beam conditions were used as initial
values. However, the magnetic ¯eld was used ideal value as n-value. The simulated
spectra are shown in Fig. 5.9 obtained when the ¯rst-order isochronous ¯eld was
tuned. It can be seen that the second-order component remains. Also, Fig. 5.10
shows the result of the correction of second-order isochronous using same method
as previous section.
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Figure 5.9: TOF spectrum and correlation of B½ and TOF obtained from MO-
CADI simulation when the ¯rst-order isochronous ¯eld was satis¯ed
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Figure 5.10: Results of second-order correction for MOCADI simulation
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See spectra in Fig. 5.5, these spectra have a tail on the same side even though
after correction. Therefore, it was considered that the tail is not related to the
isochronous ¯eld. However, it is possible that the width become worse owing to
the tail. Thus, if I can remove the tail, the isochronism will be improved.
In order to clarify the origin of the tail, I selected events of right side from mean
value in the TOF spectrum (see in Fig. 5.11). Figure 5.11 shows the distribution
of horizontal angle at ILC2 for the events. Furthermore, a correlation between
the horizontal angle and the TOF is shown in Fig. 5.12. From these results, it is
considered that TOF increased with increasing the horizontal angle at ILC2. Also
this trend is consistent with the relation of an emittance and betatron oscillation.
The °ight path length of the particles by the betatron oscillation becomes longer
in proportion to the emittance. Therefore, if it is possible to obtain the horizon-
tal information at ILC2, I will be able to verify the simulation and improve the
isochronism. Thus, in order to obtain that information, I am planning to install
two PPACs in ILC2 chamber.
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Figure 5.11: Horizontal angle spectra at ILC2 when gated for events of right side
from mean value in TOF spectrum
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5.5 Evaluation of the tuning method for second-
order isochronous ¯eld
In order to know how to tune the trim coils for second-order isochronous ¯eld, I
calculated using Runge-Kutta simulation for the case of @B
@r
1
B0
= 0:279. To tune
the second-order isochronous ¯eld, I changed currents of the trim coils # 2»4 and
#7 » 9. Trim coils currents are summarized in Tab. 5.4 and result of simulation
is shown in Fig. 5.13. In the case of \0.279 (Mod.)" was good isochronous ¯eld,
isochronism will be achieved less than 1 £ 10¡5. From this simulation, I could
¯nd tuning method for second-order ¯eld using trim coils. However, it may be not
enough to achieve higher precision isochronism because other factors contribute in
the determination of the TOF width as discussed above.
Table 5.4: List of currents for trim coils. In the case @B
@r
1
B0
=0.279, these values
show the experimental value. In the case of \0.279 (Mod.)", these values show the
percentage that has been modi¯ed for the experimental values.
Trim coils # 1 2 3 4 5
0.279 (Exp.) [A] 302.90 73.02 161.35 130.04 141.17
0.279 (Mod.) [%] 0 -15 -10 -5 0
Trim coils # 6 7 8 9 10
0.279 (Exp.) [A] 141.65 130.63 155.72 98.16 265.26
0.279 (Mod.) [%] 0 -5 -10 -5 0
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Figure 5.13: Results of Runge-Kutta simulation for second-order isochronous ¯eld
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5.6 Transmisson e±ciency in the ring
Improvement of a transmission e±ciency is one of the important issues for mass
measurements. The e±ciency is divided into transmission between F3 and the
ring, e±ciency of injection and extraction. Figure 5.14 shows the transmission at
each section. Transmission from F3 to S0 was about 90% and from F3 to ILC2
was about 40%. The injection e±ciency was estimated from Fig. 4.13 (b) as
roughly 10%. Also, the extraction e±ciency was estimated as about 5%. From
this result, it seems that most loss is at the injection line and between ILC2 and
kicker (injection orbit). In order to improve these e±ciencies, we should improve
the optics of injection line and the upstream beam line.
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Figure 5.14: Transmission between F3 and each section
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Chapter 6
Summary and Outlook
Precise mass measurements of nuclei are very important for the understanding
of basic property of nuclides. Particularly, information of precise mass values is
important for determination of the pathway of the nucleosynthesis. Recently, the
RIBF has been successfully operated to expand research programs with many RI
beams on the nuclear chart, in particular those far from stability. However, these
nuclei with their very short half-lives are extremely di±cult to produce in the labo-
ratory and even more di±cult to study. In order to measure the mass of these rare
nuclei with high-precision, new storage ring based on the IMS technique, named
the \Rare-RI Ring" was recently constructed in RIBF. To measure rare isotopes
produced at extremely low rate, an individual injection scheme was adopted for
the ¯rst time in the world. Furthermore, in order to make an isochronous ¯eld, the
two outer bending magnets of each sector were equipped with ten one-turn trim
coils. The isochronous condition is satis¯ed by creating a magnetic ¯eld using the
trim coils. To measure the mass with relative precision of 10¡6 order in this ring,
isochronism of the ring must be achieved on the order of 10¡6.
In this study, an o®-line experiment using ®-source was performed to verify
the device operation and to evaluate isochronism of the ring. Since it was found
that an on-line experiment can be performed from the o®-line experiments, the
experiment using heavy-ion of 78Kr beam was performed.
In the o®-line experiment where a radioactive source (241Am) was used, the
veri¯cation of all devices operation was succeeded. The individual injection, ac-
cumulation and extraction for the single particle were also succeeded for the ¯rst
time in the world. The isochronism was evaluated using time-of-°ight measurement
technique. Obtained the isochronism was 3:1 £ 10¡4 for one turn measurement.
Also, an isochronism of 8:8 £ 10¡5 was achieved for three turns measurement.
These results were in very good agreement with simulations. Therefore, it was
found that the isochronous ¯eld is formed as calculated.
To verify a procedure of tuning and an evaluation method of isochronism of
the ring for accelerated beam, the on-line experiment was performed. In the on-
line experiments, to perform an individual injection, the energy of 78Kr beam
was degraded from 345 MeV/u to 168 MeV/u by using Al plate-type degrader.
The individual injection, accumulation and extraction for the single particle were
succeeded as same as the o®-line experiments. Since the beam momentum was
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able to be measured in the on-line experiment, it is possible to know whether
the isochronous condition is satis¯ed from a correlation between the momentum
and TOF. Thus, the correlations for each trim coil setting were measured. As a
result of adjusting the isochronous ¯eld by trim coils, isochronism of the ring was
achieved to the order of 7:3£ 10¡6 in the range of momentum acceptance §0:3%.
From the results of correlation, it was found that the ¯rst-order isochronous
condition is well satis¯ed. Furthermore, we revealed the need of a correction
of the magnetic ¯eld for each sector and an environmental adjustment such as
temperature control to obtain a high-precision isochronism of the ring. Also, it
was indicated that knowing an emittance of the injection beam is important from
simulation.
In near future, the mass measurement using the Rare-RI Ring will be started
and the understanding of the r-process would be approached greatly. In order to
understand the r-process path, 78Ni is one of the important nuclei, of which is
the ¯rst waiting point. Therefore, several experiments in major facilities around
the world tried to measure the properties of this key nucleus. Recently, the life
time was measured with high-precision at RIBF [41]. In this experiment, 78Ni was
produced with a rate of 12 k particles in 13 days. It means that the yield of 78Ni at
F3 was less than 0.01 cps / 5 pnA for 238U beam. In FY2015, the intensity of 238U
beam reached »40 pnA. Thus, the yield will reach 0.1 cps in near future. From
obtained isochronism in this experiment, it was found that the mass measurement
is possible with relative precision of several hundred keV in the region of neutron-
rich nuclei around 78Ni. Figure 6.1 shows isotopes that can be measured by the
Rare-RI Ring. Most nuclide masses are not measured. Thus, mass measurements
of these nuclei contribute to determine the r-process path and will help solving the
puzzle of the origin of heavy elements.
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Figure 6.1: Isotopes that have already been produced at BigRIPS around 78Ni.
Colors indicate present mass precision obtained from AME2012 : (blue) ±m <
100 keV, (green) ±m > 100 keV, (red) not measured. The life time given in
parentheses are theoretical calculation values. The black light shaded arrows the
likely r-process path.
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Appendix A
Alignment of dipole magnets
Each dipole magnet has °uctuation of average magnetic ¯eld (B £ l), where l is
a path length of central orbit. Fluctuation of all dipole magnets at 1500 A are
summarized in Tab. A.1. TARNII magnets, previously identi¯ed with number ID,
were renamed here with an identi¯cation name. These magnets were arranged as
°uctuations of Bl is minimized. Figure A.1 shows arrangement of dipole magnets
in the Rare-RI ring.
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Figure A.1: Alignment of each dipole magnet in the ring
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Table A.1: Fluctuation of averaging magnetic ¯eld of all dipole magnets
Identi¯cation Number Identi¯cation Name ¢(Bl)=Bl [%]
# 92-2 B-3 -0.0102
# 94-1 B-1 -0.0357
# 55-5 Z-106 -0.0395
# 89-1 B-2 0.0628
# 93-2 B-4 0.0109
# 94-3 B-5 0.0471
# 93-1 B-8 -0.0594
# 92-8 B-7 0.0510
# 55-9 B-6 -0.0359
# 92-9 B-13 0.0086
# 55-7 B-18 -0.0411
# 92-3 B-17 0.0513
# 55-4 B-14 -0.0143
# 92-6 B-11 0.0222
# 55-6 B-10 -0.0050
# 94-2 B-9 -0.0298
# 93-3 B-12 0.0123
# 92-1 B-15 0.0768
# 55-1 B-24 -0.1151
# 92-5 B-23 0.1256
# 55-3 B-16 -0.0839
# 92-4 B-21 0.0322
# 55-2 B-20 -0.0422
# 92-7 B-19 0.0487
# 55-8 B-22 -0.0353
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Appendix B
Components of the ring
In this section I describe components of the ring that are not introduced in the
text.
B.1 Bump coil
One dipole magnet is placed in the injection line (see Fig. A.1). This magnet is
used to bend with 15.7 degrees. Because the power supply of all bending magnets
are connected to each other in with series, bump coils (six turns) were installed in
this injection magnet to achieve the larger required bending. A photograph of the
bump coil is shown in Fig. B.1.
Bump coils
Figure B.1: Photograph of the bump coil with dipole magnet
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B.2 Quadrupole magnets
The quadrupole magnets used in Rare-RI Ring were previously a part of the main
ring at the KEK 12 GeV proton synchrotron, which was shut down in 2007. The
magnet pole length is 600 mm, maximum gradient ¯eld is 18 T/m. In the injection
line, 10 quadrupole magnets were used as 5 doublets magnets. Figure B.2 shows
the photograph of a quadrupole magnet and the main parameters are summarized
in Tab. B.1.
Figure B.2: Photograph of the quadrupole magnet
Table B.1: Main parameters of quadrupole magnets
Type laminated
Bore radius 50 mm
Pole length 600 mm
Max. ¯eld gradient 18 T/m
Coil current (max.) 1000 A
Maximum ¯led at pole tip 0.6 T
78
B.3 Septum magnets
Two septum magnets (C-shaped magnet) are installed in the injection line before
the storage ring area. Because these magnets are placed near the closed orbit,
a leakage magnetic ¯eld must be very small. Therefore, the leakage magnetic
¯eld is suppressed by inserting a plate made of permalloy. A second set of septum
magnets are installed in the extraction area as well. Photographs of these magnets
are shown in Fig. B.3. and speci¯cations of each septum magnet are shown in
Tab. B.2.
Figure B.3: Photograph of septum magnets, septum 1 (left) and septum 2 (right)
Table B.2: Main parameters of septum magnets
Septum 1 Septum 2
Type lumped lumped
Bending angle 12.7 degrees 5.3 degrees
Pole length 1.117 m 1.202 m
Pole gap 45 mm 45 mm
Central orbit radii 5.05 m 13 m
Magnetomotive force 42600 AT 16600 AT
Maximum ¯eld in gap 1.19 T 0.464 T
Coil current (max.) 2130 A 2075 A
Number of coil turns 20 8
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B.4 Kicker system
A kicker magnet is used for injection in the ring and extraction from the ring.
In this ring, same kicker magnet is used for injection and extraction. In order to
perform the individual injection system, this kicker magnet system is essential.
B.4.1 Power supply
The maximum output of the kicker power supply is 3 kA, which requires a high
charging voltage of 75 kV. At this high voltage, a semiconductor switch such as
a thyristor cannot be used to excite the kicker magnet. Thus, only a thyratron
can be used as an e®ective switching device. Main di±culty in the kicker design
is the required very fast response. The kicker system mainly consists of a charger
coupled with a pulse forming network (PFN), a CX1171 thyratron, which was
assembled with e2v technologies [42], a fast distributed-type kicker magnet, and a
matching resistor. Developments of the power supply for very fast response have
been successful, and details are reported in the paper [43, 44]. Figure B.4 shows
the block diagram of fast-kicker system.
Thyratron
switch
Charger
Max. 75 kV
PFN 12.5 Ω
(adjustable)
Thyratron
grid pulser
Discharge trigger
for extraction
(internal delay)
Discharge trigger
for injection
Matching resistor
12.5 Ω
(adjustable)
Coaxial cable
5 m, 12.5 Ω
Coaxial cable
15 m, 12.5 Ω
C = 350 pF
L = 100 nH
Kicker magnet
13 cells 12.5 Ω
HV unit
Control unit
Figure B.4: Block diagram of fast-kicker system
B.4.2 Kicker magnets
The rise time of the magnetic ¯eld for a distributed-type kicker magnet is less than
that of a lumped-type kicker magnet. Therefore, we adopted a distributed-type
kicker magnet coupled with previous power supply systems. Figure B.5 shows a
photograph of the kicker magnet and the main parameters of the kicker magnet
are summarized in Tab. B.3.
Figure B.6 (a) shows the typical wave form of the output current at the charging
voltage of 20 kV. The magnetic ¯eld was measured using a one turn pick up coil
same time (see in Fig. B.6 (b)). The kicker magnet has been installed between
the fourth and the ¯fth sector of the ring, and it can operate for B½ values of up
to 6 Tm.
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Table B.3: Main parameters of kicker magnet
Number of cell 13
Length of cell 25 mm
Characteristic impedance 12.5 ­
Capacitance 350 pF
Inductance 100 nH
Maximum current/charging voltage 3000 A/75 kV
Aperture 160 mm £ 40 mm
Figure B.5: Photograph of the kicker magnet
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Figure B.6: Typical wave form of kicker magnet (a) current and (b) magnetic ¯eld
at the charging voltage of 20 kV
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Appendix C
Rare-RI Ring control and
monitor systems
The control system of the Rare-RI Ring is based on Experimental Physics and In-
dustrial Control System (EPICS) [45]. To save construction cost and time, it was
designed to utilize the software resources developed for the RIBF accelerator con-
trol system in the last 10 years. Following recent trends in the control systems of
the RIBF accelerators, the programmable logic controllers (PLCs) manufactured
by Yokogawa Electric Corporation (hereafter, FA-M3) were chosen as a main con-
troller of the components [46]. The controllers are summarized in Tab. C.1.
Table C.1: Controllers used in the Rare-RI Ring.
Bending magnet (Main coil) F3-SP66
Trim coil Serial to Ethernet Converter
Bump coil Serial to Ethernet Converter
Quadrupole magnet F3-SP66
Septum magnet F3-SP66
Kicker magnet F3-SP66
Vacuum system F3-SP66, F3-RP61
Current monitor for power supplies Keithley 2701
Temperature monitoring system Keithley 2701
NMR monitor (RF counter) system Agilent 53210A
Motor control system F3-RP61
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C.1 Control systems
For the operator interface (OPI) application, we have selected Control System
Studio (CSS) [47]. CSS is a user interface framework for control systems based on
Eclipse, which has functions of not only a graphical user interface (GUI) but also
an alarm system and a data archiving system. It is at the forefront of recent OPIs.
The newly created control and monitoring system use CSS. Figure C.1 shows the
controller of the actuators, as an example. Other system windows are summarized
in Appendix D.
Figure C.1: Screen of control system for actuators
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C.2 Monitoring and data archiving systems
Various physical quantity related to the measurement are monitored using EPICS
and CSS. These include output current of each power supply, temperature, mag-
netic ¯eld and degree of vacuum in the ring. All these logs are stored in a server.
In the following I will describe each measurement.
Current from DCCT
The output current of each power supply is monitored from DC current transformer
(DCCT) using digital multimeter (DMM). Monitored power supplies are the ones
for bending magnet, trim coils, bump coil, septums and quadrupole magnets. The
values obtained from DMM, which are voltage, are then converted in current using
the relations in Tab. C.2.
Table C.2: Conversion formula for each power supply
Bending magnet I [A] = 3000 £ V [V]
Trim coil I [A] = 200 £ V [V]
Bump coil I [A] = 150 £ V [V]
Quadrupole magnet I [A] = 500 £ V [V]
Septum magnet I [A] = 1100 £ V [V]
Magnetic ¯eld
Currently, the magnetic ¯eld is monitored only for the third bending magnet of the
third sector (B-17). A NMR probe is used for measurement of the magnetic ¯eld.
Measurable precision of this probe is 6 digits. Figure C.2 shows a photograph of
the NMR probe. We have been monitoring the magnetic ¯eld by using this probe,
a resonance apparatus and the RF counter.
Figure C.2: Photograph of the NMR probe used in the ring
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Temperature
Temperature is monitored for the B-17 magnet in seven points; upper/lower yoke,
coil of the magnet, cooling water into and out of coil and room temperature of
vicinity of the magnet. These temperatures are acquired by type K thermocouple
and DMM. This thermocouple can be bonded to the electromagnet. Figure C.3
shows a photograph of thermocouples with dipole magnet.
Type K thermocouples
Figure C.3: Photograph of type K thermocouples at upper yoke and coil
Vacuum
The degree of vacuum is measured in 20 locations by cold cathode gauge (CCG).
Furthermore, it is measured in 32 locations by ion pump systems. These values
are acquired by ADC using output voltage from each device. Translation from
voltage to the degree of vacuum is performed based on the following formula.
PCCG = 1:33£ 10¡9 £ e2:30£VCCG (C.1)
PIP = 1:30£ 10¡9 £ e2:76£VIP ; (C.2)
where PCCG, PIP, VCCG, VIP represents the degree of vacuum and output voltage
obtained from CCG and ion pump, respectively. The degree of vacuum obtained
from CCG can be con¯rmed by a trend graph. Further details about vacuum are
reported in Appendix E.
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Appendix D
Operating manual of control
systems
In this chapter, how to use the control system of the Rare-RI Ring will be described.
Figure D.1 shows the main menu window of the Rare-RI Ring control system. From
this window, we can access all power supplies and actuator systems.
Figure D.1: Main menu window of the Rare-RI Ring control system
D.1 Main coil (Bending magnet)
Figure D.2 shows the control window of power supply for main coils and its in-
terlock status. This window can be opened from \Main Magnet" button of main
menu.
\Remote / Local" | Shows the operating mode. We can use this window button
when the system is \Remote".
\OFF / ON" | Power o®/on a system. If the status is \on", LED indicator on
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Figure D.2: Control window of power supply for main coil
right side will be light.
\RESET" | Restoration of interlocks.
\DOWN 0" | Set the current to 0 A, immediately.
\SET" | Change the current to the value, which was entered on the right side.
\Running / Completion" | Status of the power supply.
\Read Current" | Obtained current value from internal ADC of power supply
system.
\DCCT" | Obtained current value from DCCT and DMM.
\Read Voltage" | Obtained voltage value from internal ADC of power supply
system.
\Interlocks" | Open the window of status for interlocks (right window).
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D.2 Quadrupole magnet
Figure D.3 shows the control window of power supplies for quadrupole magnets.
This window can be opened from \PS-Q Magnet" button of main menu.
Figure D.3: Control window of power supplies for quadrupole magnets
\Remote / Local" | Shows the operating mode. We can use this window button
when the system is \Remote".
\OFF / ON" | Power o®/on a system. If the status is \on", LED indicator on
right side will be light.
\RESET" | Restoration of interlocks.
\DOWN 0" | Set the current to 0 A, immediately.
\SET" | Change the current to the value, which was entered on the right side.
\Running / Completion" | Status of the power supply.
\Read Current" | Obtained current value from internal ADC of power supply
system.
\DCCT" | Obtained current value from DCCT and DMM.
\Read Voltage" | Obtained voltage value from internal ADC of power supply
system.
\Interlocks" | Open the window of status for interlocks.
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D.3 Trim coil
Figure D.4 shows the control window of power supplies for trim coils. This window
can be opened from \Trim coil" button of main menu.
Figure D.4: Control window of power supplies for trim coils
\OFF / ON" | Power o®/on a system. If the status is \on", LED indicator on
right side will be light.
\RESET" | Restoration of interlocks.
\Set Down 0" | Set the current to 0 A, immediately.
\Alpha table" | Open the window of trim coils setting list. This button will be
change depends on experiment. \SET" | Input a current value. If you push a
\Enter key", current value will be changed.
\Ratio" | Change a ramp speed. (Unit is A/sec) \Read Current" | Obtained
current value from internal ADC of power supply system.
\Read DCCT" | Obtained current value from DCCT and DMM.
\Read Voltage" | Obtained voltage value from internal ADC of power supply
system.
\Interlocks" | Open the window of status for interlocks.
Also because the same power supplies of the bump coil, which is the same kind
of window for one.
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D.4 Septum magnet
Figure D.5 shows the control window of power supplies for septum magnets. This
window can be opened from \Septum Magnet" button of main menu.
Figure D.5: Control window of power supplies for septum magnets
\Remote / Local" | Shows the operating mode. We can use this window button
when the system is \Remote".
\OFF / ON" | Power o®/on a system. If the status is \on", LED indicator on
right side will be light.
\RESET" | Restoration of interlocks.
\DOWN 0" | Set the current to 0 A, immediately.
\SET" | Change the current to the value, which was entered on the right side.
\Running / Completion" | Status of the power supply.
\Read Current" | Obtained current value from internal ADC of power supply
system.
\Read DCCT" | Obtained current value from DCCT and DMM.
\Read Voltage" | Obtained voltage value from internal ADC of power supply
system.
\Interlocks" | Open the window of status for interlocks.
91
D.5 Kicker magnet
Figure D.6 shows the control window of power supplies for kicker magnets. This
window can be opened from \Kicker Magnet" button of main menu.
Figure D.6: Control window of power supplies for kicker magnets
\Remote / Local" | Shows the operating mode. We can use this window button
when the system is \Remote".
\Low V OFF / ON" | Power o®/on a low voltage system. If the status is \on",
LED indicator on right side will be light. After about 1020 sec when push the
\LOW V IN" button, a warming will be ready.
\High V OFF / ON" | Power o®/on a high voltage system. If the status is \on",
LED indicator on right side will be light.
\RESET" | Restoration of interlocks.
\DOWN 0" | Set the voltage to 0 kV, immediately.
\All V SET" | Change the all voltage to the value, which was entered on the
right side.
\SET" | Change the each voltage to the value, which was entered on the right
side.
\Read Voltage" | Obtained voltage value from internal ADC of power supply
system.
\Dall SET" | Change the all internal delay time to the value, which was entered
on the right side.
\Delay SET" | Change the each internal delay time to the value, which was
entered on the right side.
\Interlocks" | Open the window of status for interlocks.
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D.6 Vacuum status
Figure D.7 shows the status window of vacuum in the ring. This window can be
opened from \Vacuum Status" button of main menu.
Figure D.7: Monitoring window of vacuum for all area in the ring
Each value near the yellow circles shows the degree of vacuum obtained from CCG.
Listed values shows the degree of vacuum obtained from ion pump. If ion pump
is o®, this value indicates \1.4E-9 Pa".
The red/green rectangular marks shows the status of gate valves. If the gate valve
is close/open, this marks will become red/green.
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D.7 Vacuum chart
Figure D.8 shows the trend graphs of vacuum in the ring. This window can be
opened from \Vacuum Chart" button of main menu.
Figure D.8: Trend graphs of the degree of vacuum in the ring
These graphs are plotted the value obtained from each CCG in recent 1 hour. It
is possible to see past the degree of vacuum by using the toolbar.
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D.8 Actuating system
Figure D.9 shows the controller of actuators. This window can be opened from
\Motor System" button of main menu.
Figure D.9: Control window for actuators in the ring
\Start" | Change the position of the detector by the value entered on the left
side with respect to the current position.
\Stop" | Stop the moving of actuator.
\Position" | Show the current position. \0 mm" means central orbit and a
positive value corresponding to the ring outside.
\Speed" | Show the speed for move.
\Error" | Value is changed when some kind of error. (No error is \0".)
\CLR Error" | Restoration from error status.
\Fin" | This LED shows status. If the LED is glowing, the operation was end.
\Limit +/-" | These LED shows geometrical limit.
\In / Out" | These buttons for detector of ILC2 and MCPC.
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Schottky tuner
Figure D.10 shows the controller of tuner for resonant Schottky pick-up. This
window can be opened from \Schottky Tune" button of main menu.
Figure D.10: Control window for tuner of resonant Schottky pick-up
\Start" | Change the position of the detector by the value entered on the left
side with respect to the current position.
\Stop" | Stop the moving of actuator.
\Position" | Show the current position.
\Add tune" | This value shows the frequency, which was added by tuner.
\Speed" | Show the speed for move.
\Error" | Value is changed when some kind of error. (No error is \0".)
\CLR Error" | Restoration from error status.
\Fin" | This LED shows status. If the LED is glowing, the operation was end.
\Limit +/-" | These LED shows geometrical limit.
The value that is shown at the bottom is the expected resonance frequency of the
resonant Schottky pick-up.
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D.9 Present all status
Figure D.11 shows the status of all apparatus for the ring. This window can be
opened from \R3 Summary" button of main menu.
Figure D.11: Monitoring window of all apparatus for the ring
This window shows all DCCT values, NMR, detector position and voltage/internal
delay of kicker.
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Appendix E
Vacuum System
An ultra-high vacuum is required for the ring. The positions of the pumps, vacuum
gauges and valves were shown in Fig. E.1 The pumping system must avoid con-
tamination of the vacuum system by hydrocarbons. Therefore only oil-free pumps
were allowed.
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Figure E.1: Schematic vacuum layout of the Rare-RI Ring
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E.1 Roughing pumping components
E.1.1 Dry pump
A dry pump is using for injection line as roughing pump. We used 3 dry pumps,
which is \NEO DRY 30E" manufactured by Kashiyama Industries, Ltd.[48]. Fig-
ure E.2 shows a photograph of \NEO DRY 30E" and the speci¯cations of the
pump are summarized in Tab. E.1. We used connecting to turbo molecular pump
(TMP) at PD2, 3, 4 and ILC2 chamber.
Table E.1: Speci¯cations of \NEO DRY 30E"
Max. pumping speed 500 L/min
Ultimate pressure 1 Pa
Supply voltage (50/60 Hz) Single phase AC100 » 120 V
Inlet size NW40
Outlet size NW25
Figure E.2: Photograph of \NEO DRY 30E"
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E.1.2 Scroll pump
Another type of roughing pump is a scroll pump, which is \Triscroll 300 with TPS-
mobile" manufactured by Agilent Technologies. [49] Since this pump is a portable,
we move the pump as necessary. Figure E.3 shows a photograph of "Triscroll 300"
and the speci¯cations of the pump are summarized in Tab. E.2.
Table E.2: Speci¯cations of \Triscroll 300"
Max. pumping speed 210 L/min
Ultimate pressure 1.3 Pa
Supply voltage (50/60 Hz) Single phase AC100 » 115 V
Inlet size NW25
Outlet size 1/4" Female NPT with swivel
(NW16 adapter provided)
Figure E.3: Photograph of \Triscroll 300 with TPS-mobile"
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E.1.3 Turbo molecular pump
To make a high vacuum, we used TMP, which is \Turbo V-301 Navigator" manu-
factured by Agilent Technologies [50] after roughing using a scroll pump or a dry
pump. TMP is always connected at PD2, 3, 4 and ILC2. However, in the case of
the ring area, we must move TMP as necessary. Figure E.4 shows a photograph
of \Turbo V-301 Navigator" and the speci¯cations of the pump were summarized
in Tab. E.3.
Table E.3: Speci¯cations of \Turbo V-301 Navigator"
Pumping speed 220 L/sec (He)
250 L/sec (N2)
200 L/sec (H2)
Rotational speed 56000 rpm
Inlet °ange size ICF152
Foreline °ange size NW25 or NW16
Cooling requirements Cooling fan
Operating position any
Figure E.4: Photograph of \Turbo V-301 Navigator"
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E.2 Ion pump
A sputter ion pumps with an (ultra) high pressure will be used. It can be possible
to measure the pressure via the pump. Two kinds of ion pumps are using in the
ring; one is \VacIon Plus 150" [51] for injection line, another is \VacIon Plus 500"
[52] for ring area. Figure E.5 shows a photograph of \VacIon Plus 500" and the
speci¯cations of the pump are summarized in Tab. E.4.
Table E.4: Speci¯cations of \VacIon Plus 150" and \VacIon Plus 500"
VacIon Plus 150 VacIon Plus 500
Pumping speed 150 L/sec (N2) 500 L/sec (N2)
Operating life at 1£ 10¡6mbar 50,000 hours 50,000 hours
Operating Voltage (max) +7000 VDC +7000 VDC
Maximum starting pressure · 1£ 10¡3 mbar · 1£ 10¡3 mbar
Inlet °ange size ICF152 ICF203
Figure E.5: Photograph of \VacIon Plus 500"
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E.3 NEG pump
In order to achieve an ultra high vacuum, we installed a \CapaciTorr pumps MK5
Type" which sorb active gases with a non-evaporable getter (NEG) material. This
pumps are manufactured by SAES Adavanced Technologies [53]. They are used in
combination with other vacuum pumps. The NEG modules are made of a reactive
zirconium-vanadium-iron powder mixture. The pressure by gettering active gases
like O2, CO, and N2 permanently on the surface of the getter base material. As
the material in the module becomes saturated with active gases, its pumping
speed decreases. At the saturation point, it must be heated to sorb active gases
again. Figure E.6 shows a photograph of "CapaciTorr-D 2000/150 MK5" and the
speci¯cations of the pump are summarized in Tab. E.5.
Table E.5: Speci¯cations of \CapaciTorr-D 2000/150 MK5"
Alloy Type St 172
Getter Surface 1900 cm2
Pumping speed for H2 2000 L/sec
Sorption Capacity 4500 Torr L
Cartridge C 2000 DSK
Flange size ICF203
Figure E.6: Photograph of \CapaciTorr-D 2000/150 MK5"
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E.4 Vacuum gauge
As mentioned in Section 3, we used cold cathode gauge (CCG) to measure the
degree of vacuum. Model of CCG is \IMG-300" manufactured by Agilent Tech-
nologies [54]. Figure E.7 shows a photograph of "IMG-300" and the speci¯cations
were summarized in Tab. E.6.
Table E.6: Speci¯cations of \IMG-300"
Operating Voltage 3 kVDC
Measurement range 10¡3 to 10¡11 Torr
Electrical Connector SHV style
Response time < 10 ms for increasing pressure
Flange size ICF70
Figure E.7: Photograph of \IMG-300"
105

Appendix F
Storage of heavy-ion
The resonant Schottky pick-up was installed on a third straight section of the
ring. More than several milliseconds accumulation was required to con¯rm the
signal by the Schottky pick-up. As preliminary step for con¯rming the signal,
TOF spectra at ELC (after ejection) were con¯rmed while changing the storage
time. The measured storage times were roughly 3, 5, 7 and 9.5 ms. Figure F.1
shows the TOF spectra obtained from each storage time measurement.
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Figure F.1: TOF spectra obtained from each storage time (3 ,5 ,7 and 9.5 ms)
measurement
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Furthermore, we have veri¯ed whether the isochronism depends on the storage
time using same ¯tting function. Fitting results are shown in Fig. F.2 and obtained
values are summarized in Tab. F.1. From these results, the isochronism in all
storage time was same. It shows that the isochronism was not limited by detector
resolution in this experiment.
Table F.1: Fitting results and isochronism in each storage time
Storage time 0.7 ms 3 ms 5 ms 7 ms 9.5 ms
FWHM [ns] 5.25(8) 18.4(1.2) 37.0(2.6) 46.7(3.0) 88(14)
Isochronism 7:49£ 10¡6 6:13£ 10¡6 7:40£ 10¡6 6:67£ 10¡6 9:3£ 10¡6
Error 0:11£ 10¡6 0:41£ 10¡6 0:52£ 10¡6 0:43£ 10¡6 1:5£ 10¡6
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Figure F.2: Results of ¯tting for long time storage measurements
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Appendix G
Resonant Schottky pick-up
A resonant Schottky pick-up technique was employed, in order to precisely tune
the isochronous condition. This technique is non-destructive method. A design
is based on a ceramic gap connected to the metallic vacuum chamber on both
sides of the gap. The same type cavity was developed and used in ESR [55] and
CSRe [56]. The resonant Schottky pick-up was designed by the systematic 3D
electromagnetic simulations with Micro Wave Studio [57], and was tested o®-line
before installation in the ring [58]. Figure G.1 shows a photograph of the resonant
Schottky pick in the ring. Basic speci¯cations from o®-line test are summarized
in Tab. G.1. From o®-line results, it is expected to detect particles with q > 17.
More information can be found in this paper [58].
Beam
Tuner
Resonant Schottky pick-up
Figure G.1: Photograph of resonant Schottky pick-up
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Table G.1: Basic speci¯cations of resonant Schottky pick-up for Rare-RI Ring [58]
Resonant frequency fres 171.43 MHz
Shunt impedance Rsh 161 k­
Unloaded quality factor Q0 1880
Frequency range 171.29 » 174.56 MHz
We have succeeded in 9.5 ms accumulation of 78Kr36+. Therefore, we suppressed
a trigger signal for ejection and con¯rmed the signals from the Schottky pick-
up. The signals from pick-up were ampli¯ed by low-noise ampli¯er (LNA). These
signals were taken using real time spectrum analyzer (RSA). The electrical circuit
for resonant Schottky pick-up was shown in Fig. G.2. Figure G.3 shows obtained
power spectra from resonant Schottky pick-up. It was successful to detect of one
particle using the resonance Schottky pick-up. The signal was observed for about 4
seconds. That shows that the particle was accumulated for about 4 seconds. Also,
it is considered that the frequency shift is depended on the isochronous condition.
Pick-up
Coupler
LNA
RSA
3303B
LNA
Gain +81dB
Figure G.2: Electrical circuit for resonant Schottky pick-up
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Figure G.3: Power spectra obtained from resonant Schottky pick-up
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Appendix H
Electrical circuit used in on-line
experiment
This chapter shows electrical circuits used in the on-line experiment.
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Figure H.1: Diagram of electrical circuit for plastic scintillator at F3
F6 PPAC_X1
F6 PPAC_X2
Fast Amp.
Fast Amp.
Transmitter
Transmitter
Linear FIFO
Linear FIFO
CFD
CFD
Transmitter
Transmitter
Receiver
Receiver
Logic Delay
Logic Delay
Acqiris TDC
Acqiris TDC
Receiver
Receiver
RPN-1030
RPN-1030
RPN-1020
RPN-1020
TKY-0351
TKY-0351
RIS-0330
RIS-0330
N-RL 209-2
N-RL 209-2
RPN-850
RPN-850
RPN-860
RPN-860
RIS-0255
RIS-0255
Figure H.2: Diagram of electrical circuit for DL-PPAC at F6
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Figure H.3: Diagram of electrical circuit for DL-PPAC at FH9
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Figure H.4: Diagram of electrical circuit for DL-PPAC at FH10/S0
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Figure H.5: Diagram of electrical circuit for plastic scintillator at FH10
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Figure H.6: Diagram of electrical circuit for CD-PPAC at ILC1/ILC2
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Figure H.7: Diagram of electrical circuit for \T-shaped" TOF detector at ILC2
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Figure H.8: Diagram of electrical circuit for foil-detector at MCPC
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Figure H.9: Diagram of electrical circuit for plastic scintillator at ELC
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Figure H.10: Diagram of electrical circuit for trigger and busy signals for DAQ
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